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SUMMARY
Excavation, temporary support and lin in g  of tunnels in  London Clay have 
undergone repeated development. Innovations depended however on the 
economic and socia l clim ate ra th e r  than on techn ica l f e a s ib i l i ty .
An innovation, which could soften the impact of forthcoming shortages of 
m ateria ls and fu e l on tun n e llin g , i s  spheroidal-graphite c a s t- iro n .
Experimental work in  the laboratory  and in  a temporary tunnel, on bolted 
segm ental-linings in  both the old and the new kinds of iro n  i s  described.
I t  shows th a t  rings b u i l t  from iro n  segments are le s s  s t i f f  than intended, 
but th a t  in  service th is  s t if fn e s s  i s  not requ ired .
Observations of instrumented rin g s  in  th e  tunnel on over f i f t y  occasions, 
some w hilst other excavations were made nearby, also throw l ig h t  on the 
in te ra c tio n  between neighbouring tunnels and between lin in g s  and the ground.
Measurements were made of displacements in  the clay near the advancing 
tunnel face . A mechanism to  explain the observed behaviour i s  suggested 
and the conclusion drawn th a t surface subsidence i s  best reduced by using 
an ‘expanded* lin in g  (a kind of lin in g  which i s  b u i l t  d ire c tly  against 
the clay  behind the sh ield) with a v e rs a ti le  tunnelling  machine capable 
of sustain ing  good progress.
Nevertheless, an appreciation  of the possible  hazards of tunnelling  in  the 
London Clay formation made c lea r by an explanation of i t s  geological
h is to ry  and by the  study of the experiences of e a r l ie r  engineers, 
in d ica te s  th a t  contingencies occur which requ ire  recourse to  some form 
of bolted l in in g .
Hence a lin in g  has been designed which embodies the conclusions from the 
experimental work and which may be b u i l t  in  e ith e r  the bolted and grouted 
form or the expanded form. P a rtly  constructed in  spheroidal graphite 
iro n , th is  m ateria l i s  economically used by re s t r ic t in g  i t  to  those 
functions requ iring  i t s  special p ro p e rtie s .
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CHAPTER 01® :
THE LONDON CLAY AND THE LONDON BASIN .
1.1 THE LONDON CUY
The London Clay i s  a formation which i s  p a rt of the  Eocene system. That 
i s  to  say th a t  i t  i s  rock (in  the geological sense) formed from m ateria l 
continuously deposited over a time in te rv a l beginning about 50 m illion  years 
ago. Before and a f te r  th is  in te rv a l there  were times when no deposition  
occurred.
The o rig in a l m ateria l was mud brought down by a la rge  r iv e r  and deposited 
slowly and s tead ily  in  the sea near the shore. Palaeontological evidence 
also  suggests th a t  the r iv e r  was draining low-lying land covered by tro p ic a l 
ra in  fo re s t .  A present day analogue might be the River Ganges flowing in to  
the Black Sea. M ineralogical analysis suggests th a t  the r iv e r  flowed from 
the west over Dartmoor (Groves, 1931).
The m inerals which constitu ted  the o rig in a l mud were mainly f in e ly  grained 
quartz and the  clay mineral i i l i t e  in  roughly equal p roportions, w ith small 
q u a n titie s  of micas and fe lsp a rs  (Davies, 1919). There are few analyses 
of the clay m inerals but one s p l i t s  the 50 per cent clay content in to  
35 per cent i l l i t e ,  10 per cent k a o lin ite  and 5 per cent m ontm orillonite 
(Grim, 1949).
wThere was a lso  a su ite  of le s s  common m inerals: garnet, s ta u ro li te ,
tourm aline, topaz, zircon. Although accounting fo r only 0.005 per cent 
of the  to ta l  by weight, these may be used now to  id e n tify  the  parent 
rocks from which the sediment was derived (Groves 1931).
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The deposition , continuous on a time scale of m illion  of years but in te r ­
m itten t on a scale of days, depended on the varying bed-load of the  river*  
Hence th is  has been la id  down as th in  s t r a ta .  The f in e ly  divided clay  
m inerals would have floccu la ted  in  the sea water and been deposited in  random 
o rien ta tio n s but the la rg e r mica p a r t ic le s  se ttle d  d if fe re n t ia l ly  in  
horizontal arrangement giving r i s e  both to  p a rtin g s de linea ting  the s tr a ta  
and to  lam inations w ithin  them* Because the benthic l i f e  was r e s t r ic te d  to  
micro-organisms (see below) the fin e  s t r a t i f ic a t io n  and lam ination have 
been preserved (Cullen, 1973)*
Occasionally the  c lay  was absent and a th in  stratum of s i l t  sized (0*002 mm -  
0*06 mm) p a r t ic le s  of quartz and fe lsp a r would be la id  down. More often  a 
sharp increase in  the flow of the r iv e r  would enable i t  to  carry  a la rg e  load 
of sandy s i l t .  On reaching the sea the s i l t  laden water, having a higher 
density  than sea water, would flow rap id ly  down to  the coasta l platform  as 
a tu rb id ity  cu rren t. This would have had enough energy to  cut in to  the 
previously la id  s t r a ta  before depositing i t s  own suspended m a te ria l. In 
th is  way lenses of s i l t  o f lim ited  la te r a l  extent formed.
T e rre s tr ia l f lo r a l  and faunal remains which had been carried  out to  sea 
and the bodies of pelagic organisms sank to  the  bottom. Sedimentation 
would not have occurred quickly enough to  bury them deeply. The ordinary 
processes of b a c te r ia l decay in  these conditions soon depleted the  oxygen 
in  the water and made l i f e  impossible fo r  ordinary b en th itic  sacrophagic 
animals. Anaerobic conditions p revailed . Anaerobic b a c te ria  degraded 
the organic m atter to  very simple molecules; CH ,^ H^S e tc . Due to  th e ir  
m obility and low density  most of these degradation products f lo a ted  to  the 
surface, tu t  the  highly soluble ones such as H^S and CO^  were re ta in e d  in  
solution,*
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The pore water in  the sediment a t  th is  stage was sea water containing an 
abundance of the  chlorides of sodium and magnesium and smaller amounts of 
the sulphates of magnesium and calcium (Clarke, 1926)* The ch lo rides 
remained dissolved while the sediment was immersed, but the su lphates, which 
are much le s s  soluble and have a higher energy s ta te ,  became involved in  
the metabolism of the anaerobic bacteria*  These reduced the calcium sulphate 
to  sulphide and the  sulphide reacted with carbon dioxide to  form calcium 
carbonate* This was p rec ip ita te d  and the  reac tio n  continued as more 
sulphate ions d iffused  in^ thus qu ite  large  calcareous concretions were 
build  up (Hatch and Ha s t a l l ,  1965, pp 331 and 337)* Hydrogen sulphide 
lib e ra te d  bV th is  and sim ilar processes reacted  with any ferruginous com­
ponents of the  sediment* The ensuing reac tio n  formed the commonest allogenic 
m ineral in  the  London Clay, p y r ite , e ith e r  as disseminated c ry s ta ls  or 
p y ritise d  wood or other f o s s i l s  (Love, 1964)* At a l a t e r  stage of d iagenesis, 
a f te r  m icrobial a c tiv i ty  had ceased, energy was sometimes ava ilab le  fo r  some 
of th is  sulphide to  be oxidised and calcium sulphate formed, as th e  m ineral 
se le n ite , in  well-shaped crysta ls*  The author has not observed th is  to  
co -ex ist with calcarious concretions*
A large  proportion of the  mud p a r t ic le s  were between the s izes  10“^m and 
-810 m and so formed co llo id a l suspensions in  water* Although van der Waal s ' 
fo rces are  su ff ic ie n t to  produce co llo id a l e ffe c ts  most of these p a r t ic le s  
were of clay  m inerals which are only e le c tr ic a lly  balanced when ions are 
loosely  attached to  th e ir  outer la y e rs . These ions may be l o s t  and regained 
or exchanged* Thus minor chemical changes may produce Coulombic e le c tro ­
s ta t ic  fo rces of a ttra c tio n  or repu lsion .
Some of these e le c tr ic a l  fo rces tended to  cause the so il  skeleton to  assume
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more compact forms# In doing so water was expelled from the so il  skeleton# 
Centres of con traction  would occur a t  spacings which were small compared with 
the whole bed of sediment# Between these cen tres areas of tension  
occurred. On a plane a t r ig h t  angles to  a l in e  jo in ing  to  two adjacent 
centres the tension  would be maximum, the struc tu re  most open, and the  water 
content greatest#  I f  the  sediment had not been subject to  an all-round  
compressive s tre s s  due to  accumulating overburden, the coincidence of tension  
and conditions tending to  produce a weak m ateria l would have tended to  
induce a network of cracks. /"Such 'sy n e re ris  cracks1 may be seen in  many 
co llo id s , eg bentonite g e l, i f  they  are l e f t  standing. They form a p a tte rn  
which i s  the th ree  dimensional analogue of the  hexagonal shrinkage p a tte rn  
seen when shrinkage occurs in  a. tabu lar b o d y H o w e v e r ,  in  th e  case of a 
sediment subject to  overburden pressure , the tensions became locked-in  
d isc o n tin u itie s  of s tre s s . The re la tiv e  tensions which surrounded the 
centres a t  a d istance were balanced by re la tiv e  compressions close to  the 
cen tres .
The s tre sse s  locked in to  the  buried sediment coincided w ith p lanes of 
weakness# Much la te r  when the sediment had turned to  a rock, the  London 
Clay, and had been exposed by erosion there  would be a tendency fo r  these  
planes to  rup tu re .
The accumulating overburden was building up v e r t ic a l  s tre ss  in  the  young 
sediment. This produced v e r t ic a l  and volumetric s tra in s  which occurred by 
ro ta tio n  of the p la ty  p a r t ic le s  and collapse of the voids between them.
This brought the f l a t ,  charge-bearing surfaces of the clay p a r t ic le s  in to  
jux taposition  desp ite  the Coulombic repulsion  between l ik e  charges# These 
surfaces also  have an important e ffe c t on the pore-water close to  the
U
p a rtic le s*  Because the associated  ions are not free  to  m igrate in to  the
pore water an osmotic pressure i s  se t up in  i t*  Due to  the la rg e  specific
surface of the  clay m inerals, much energy can be stored in  th is  way although
the m ineral p a r t ic le s  need not be in  mechanical con tact. A th e o re tic a l
2 2estim ate of the maximum energy i s  10 MN/m (100 to n s / f t  ) acting  over a 
d istance corresponding to  a change in  void r a t io  from 1 to  a r a t io  of 20 
(Bolt, 1956). In the mixture of roughly equi-dimensional quartz p a r t ic le s  
and f l a t  mica and clay p a r t ic le s  th a t was to  form the London Clay, many clay  
p a r t ic le s  would be held too f a r  from th e ir  neighbours fo r th is  energy 
storage p o ten tia l to  be fu l ly  re a lis e d . However, su ff ic ie n t overburden 
would accumulate fo r a g rea t deal of energy to  be stored in  th is  manner.
I t s  recovery would not depend on mere reduction of the  overburden, but would 
requ ire  re s to ra tio n  of the pore water th a t had been expelled against the 
osmotic p ressure .
Throughout the several m illion  years of the deposition  of the m ateria l which 
has formed the  London Clay, the seabed was sinking. Thus the  depths and 
gradients influencing the diagenetic processes were maintained and a 
formation which i s  uniform, considered on a la rge  scale , has resu lted*
This movement also  marks the beginning of the formation of gen tle  fo ld ing  in  
the underlying chalk, which was to  become more marked in  post-Eocene tim es 
and form the London and Hampshire Basins* By la te  Eocene tim es deposition  
on top of the London Clay in  the  two Basins was su ff ic ie n tly  d if fe re n t  th a t  
formations in  the two Basins have been given d if fe re n t names. In  the London 
Basin they are the Claygate Beds and the Bag shot Sands w ith p resen t day 
thicknesses of 15 m (50 f t )  and 35 m (115 f t )  resp ec tiv e ly . The tec to n ic  
movements produced the usual v e r t ic a l  jo in t  planes and sloping f a u l t  planes 
in  the  London Clay*
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Rocks of Oligocene, Miocene or Pliocene ages are absent from, or a t  best 
doubtfully  authenticated  in , the.London Basin. That i s  to  say th a t  fo r 
38 of the 4-0 m illion  years since the end of the  Eocene period the geological 
record i s  very obscure. Deposits may have been la id  down and la te r  
completely eroded.
A f u l l  but complicated record of Pleistocene tim es has been l e f t  in  the 
London Basin showing th a t the  Thames had been estab lished  and was taking 
various rou tes across the region a t d iffe re n t tim es and th a t four g lac ia tio n s  
had occurred during which p e rig la c ia l  conditions prevailed  here (Wooldridge 
and Lynton, 1955). From these times on f lu v ia l  or f lu v io -g la c ia l channels 
would have been cut in  the  top surface of the London Clay and f i l l e d  w ith a 
v a rie ty  of a llu v ia l  deposits . Also fresh  water would always be availab le  so 
th a t a .hydraulic  gradient across the Claygate beds, the London Clay and the 
Woolwich and Reading beds and in to  the pervious Chalk would leach out the 
soluble s a l ts  from the connate waters of the  clays and replace sodium by 
calcium as the exchangeable cation  in  the clay  m inerals.
The diagenesis and la te r  geological h is to ry  of the  London Clay have produced 
a rock which fo r  a f u l l  descrip tion  requ ires not only the  fam ilia r  
l ith o io g ic a l descrip tion  but a recognition  th a t  i t  i s  in  a s ta te  of s tre s s  
(and id e a lly  measurements of t h i s ) .  Because exposing the rock, as in  
sampling or boring a tunnel, necessarily  re lie v e s  the s tre s s , the  rock cannot 
be observed in  i t s  v irg in  s ta te .  Also, because the r e l i e f  o f s t re s s  i s  
time dependent, the manner of making the exposure changes the m ateria l th a t  
i s  examined or in  which the miner works.
Causes of the s ta te  of s tre ss  include:
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( i )  overburden load
( i i )  the lo ca l out of balance fo rces which cause lo ca l re s id u a l s tre sse s  
and
( i i i )  tec ton ic  forces*
In ( i)  the s tre s s  i s  due to  the g rea tes t cover of overburden during h is to ry  
of the  formation* When th is  s tre s s  i s  removed water i s  able to  en ter the 
clay  and the energy' stored by the mechanism described on page 5 i s  able to  
do work on ground supports or tunnel lin ings*  Because the  c lay  i s  not very 
permeable th is  takes some days, but in  the times when the tim bering fo r  a 
length of brick tunnel was in  place fo r a fo rtn ig h t or more e ith e r  the  
'sw elling p ressu re1 of the ground had to  be re s is te d  or the  deformations 
associated with i t  had to  be allowed for*
The re s id u a l s tre sse s  ( i i )  due to  the process of syneresis mentioned on page 
U cause the clay to  have a propensity to  crack along the in -b u il t  planes 
of weakness. This process s ta r ts  immediately the  s tre s s  i s  re liev ed  and 
w ithin an hour the h ith e rto  continuous mass of clay  w ill have become a 
co llec tio n  of polyhedral blocks bounded by undulating and often  in te rlock ing  
planes* The fu rth er behaviour of the clay mass m i l  be much influenced by 
these cracks p a rtic u la rly  i f  they provide a pathway to  a water bearing layer* 
The pressure of the pore water in  the  clay bordering the cracks can r i s e ,  
so th a t the clay here becomes very weak and the blocks are in  e f fe c t  lu b r i­
cated so th a t the bulk strength  of the clay  i s  also  d ram atically  reduced*
Not being due to  g rav ita tio n a l or other outside fo rces , the cracks are not 
oriented but are d is tr ib u ted  in  nearly  random a tti tu d e s  (Skempton, ScM ster 
and P etley , 1969)* Near the surface where the s tre s s  has already been
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la rg e ly  re leased  the cracks are already open. This i s  o ften  ind icated  a t  
depths as g rea t as 6 m (20 f t )  by traces  of tre e  ro o ts  th a t had sought an 
easy path through the  c lay . Because a l l  possib le  planes of weakness have 
become cracks the size of the blocks near the surface can become qu ite  small 
(around 5 cm, (2 in s ))  whereas a t  depth in  a tunnel, when the cracks have 
ju s t  occurred, blocks of 0.5 m (18 in s) are found.
In the terminology of s o il  mechanics these cracks are known as 'f i s s u r e s ’
(and in  the engineering p a rt of th i s  work th is  term w ill be used). In  
geology, as in  ordinary English, the word 'fissu re*  means an open c l e f t .  
Presumably the early  in v estig a tio n s were looking a t  exposures which were both 
shallow and o ld , and therefo re  open, but nevertheless the choice of th is  word 
fo r such small scale fea tu res  seems strange.
One cannot, with any c e r ta in ty , s ta te  th a t s tre sse s  due to  tec to n ic  fo rces 
remain in  the  ground since the evidence th a t tec to n ic  fo rces were ever acting 
i s  based on the d is lo ca tio n s they cause and these are  evidence of th e
4
d iss ip a tio n  of the  fo rces . D irect f ie ld  measurement i s  very d i f f i c u l t  as 
also i s  the v e rif ic a tio n  in  the f ie ld  o f the hypothesis supported by 
laboratory  data  (Skempton, 1961) th a t  there  are high ho rizon ta l s tre s se s  
corresponding to  an e a r l ie r  higher overburden load , whereas the  s tr e s s  in  the 
v e r t ic a l  d irec tio n  i s  only equivalent to  the p resen t overburden load un less 
swelling (in  the so il  mechanics sense) i s  allowed to  occur.
The usual se ts  of orthogonal v e r t ic a l  jo in ts  th a t  occur in  most sedimentary 
rocks are found in  the  London Clay (eg the Wraysbury s i te  described by 
Skempton, 1969). Usually they accord with geological d e f in itio n  o f being 
frac tu res  of the rock mass along which there  has been l i t t l e  or no displacem ent,
8
bat occasionally  they do show polishing or slickensiding suggesting movement. 
The more u su a lly  found polished surface i s  the 'greasy back' of miners' 
parlance, a shallowly dipping plane often  of several square metres area, 
probably a sm all''local th ru s t f a u l t .  There i s  evidence (page . 206) th a t not 
very much movement i s  required in  order to  produce the p o lish . Movement of 
jo in t  bounded blocks seems to  occur in  very deep tunnels and i t  may be th a t 
i f  the ground stays uncracked (the 'f is s u re s ' do not appear) the s tre s s  in  i t  
can only be re liev ed  by movement on jo in t  planes and bedding p lanes.
1.2 GE0M0RPH0L0GY OF THE LONDON BASIN
The post Eocene folding has formed a shallow syncline plunging in  an e a s te rly  
d irec tio n . I t s  axis runs in  the d irec tio n  N 60° E passing through Kingston 
on Thames and Blackwall. A geological section  i s  shown in  Fig 1 • The 
dip of the  northern limb i s  in  fa c t  only about 1 in  250. The southern limb 
dips more steeply  and also  has minor fo lds such as the C rystal Palace 
syncline superimposed# F au lts traverse  the southern limb running roughly 
p a ra lle l  to  the  s tr ik e  of the  main syncline and throwing to  the  North West.
The most noteable are the Greenwich fa u l t  and a longer one running from
a
Haynes Park to  Deptford.
The f u l l  thickness of the London Clay (as evidenced by the presence of the  
Claygate beds) varies in  d iffe re n t p a rts  of the  Basin; 137 m (450 f t )  a t  
Esher and Wimbledon, 114 m (375 f t )  a t  North Hampstead, 110 m (360 f t )  a t  
C rystal Palace, 64 m (210 f t )  a t  Harrow H ill , 61 m (200 f t )  a t  Stanmore.
Geological Survey ( In s t i tu te  of Geological Sciences) 1:63360 scale 
•geological maps, sheet 256 (North London) and sheet 270 (South London), 
a lso  Bromhead and Dines (1925) and Dewey and Bromhead (192*)).
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There are  h i l l s  where the London Clay has been pro tected  by a cap of gravel 
or sand# The Bagshot sand o v erlies  the Claygate Bed and London Clay a t 
Esher Common, Harrow H ill, Highgate and Hampstead* G lacial gravels cap 
Hangar H il l ,  Richmond Park and Wimbledon Common* The ’p lateau  g rav e ls’
(of g la c ia l o rig in  but apparently derived from the south) cover St Georges 
H ill and C rystal Palace h ill*  The pebble g ravels, which are thought to  be 
p re -g la c ia l, extend in  a broken b e lt  along the  northern limb of the  syncline: 
a t  Bushey Heath, .at. E ls tree  and a t  Barnet fo r example. The Boyne H ill 
Terrace* the  o ldest of the  th ree  Thames te r ra c e s , was la id  down early  enough 
to  p ro tec t Clapham and Wandsworth Commons and also  account fo r the  tongue 
of high ground running south from Isling ton  to  Myddleton Square. The f i r s t  
tunnels in  London Clay were driven to  provide rou tes of shallow gradient 
through these h i l l s .
The present-day drainage i s  based on the Thames, the east-w est v a lley  of 
the r iv e r  crossing the syncline a t  a small angle* The longer northern  
t r ib u ta r ie s  such as the small r iv e rs  Colne, Lee and Roding once drained a 
g lac ia l area* They then cut deep valleys which have become f i l l e d  with 
gravel and they may also have changed course. The upper surface of the 
London Clay i s  therefore  d issected  with gravel f i l l e d  ’buried channels*.
In c en tra l London, both north and south of the  Thames, old r iv e rs  such as 
the Tyburn, West bourne and E ffra  have disappeared (Barton, 1962), but they 
too have buried channels of su ff ic ie n t depth to  be a tunnelling  hazard*
10
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CHAPTER TWO :
THE EVOLUTION OF THE ART OF TUNNELLING IN LONDON CLAY
Soft ground tunnelling  had i t s  o rig ins in  mining and m ilita ry  engineering# 
Before power was availab le  fo r  large  pumps, m inerals were u su a lly  sought by 
driving an a d it  in to  the side of a h i l l ;  th is  provided access through the 
so ft ground and, because the a d it  sloped downwards to  the  p o r ta l , drained 
the workings# The m ilita ry  app lica tion  was the destruction  of otherwise 
unapproachable fo r t if ic a t io n s  by mining under them and using explosives or 
se ttin g  f i r e  to  the tunnel supports to  collapse the overlying structure# 
Since both the so ld ier and the  prospector had to  l iv e  o ff the country timber 
was the only tunnel lin in g  m ateria l av a ilab le .
2.1 TIMBERED HEADINGS
A long tra d i tio n  of th is  work carried  on by men who, by the nature of th e ir  
ca llin g  were tra v e lle rs  resu lted  in  the technique of 1 square se t tim bering1 
and ^ o re -p o lin g 1 being widely known and the methods of working w ith them 
becoming f a i r ly  uniform# Two Cornish miners, Robert Vazie and Richard 
T revith ick , had brought the method to  London and driven a d r i f t  305 m 
(1000 f t )  long a t  a depth of 23 m (76 f t )  under the Thames by 1808. This 
small d r i f t  was intended to  a s s is t  the eventual building of a la rg e r  tunnel 
and in  th is  capacity  many more were to  be b u il t  in  the London Clay.
The timbered heading i s  nevertheless a good example of how a tunnel as such 
should be b u il t  in  so ft ground such as London Clay given th a t only tim ber 
and manpower are availab le  and th a t the size of the tunnel need only be 
large  enough to  accommodate veh icles th a t can be moved by a man.
13
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The compression members in  th is  lin in g  are  b u i l t  as trapezo idal frames 
called  se ts  or settings# These comprise a horizon tal member on the flo o r 
called  the s i l l ,  a somewhat shorter horizontal piece a t  the roof ca lled  the 
cap (sometimes c o lla r  or bar) supported on two nearby v e r t ic a l  p ieces 
called  posts (sometimes leg s , sides or props)# The posts were tenoned in to  
mortices in  the caps# Sometimes the caps had V-notches in to  which was 
f i t t e d  a sharper V cut in to  the post (Welsh notch). The l a s t  b u i l t  se t was 
close to  the  face (or b reast to  use the older word) which was re ta in ed  by 
continguous horizontal b reast boards supported against the set# Typically 
the c lear space inside the  se t would be 1#4 m (4 f t  8 in ) high, 0#8 m (2 f t  
7 in ) wide a t the top and. 0#9 m (3 f t )  wide a t  the bottom# The timber 
would be 10 cm (4 in ) in  diameter (see Fig 2 ) . The se ts  were placed a t  
in te rv a ls  of two th ird s  to  one metre according to  the s ta te  of the ground# 
Poling boards 2#5 cm (1 in ) th ick  were lodged on the caps to  form a roof 
and the sides were closed with 20 mm (^/4 inch) th ick  poling boards.
I f  running ground was encountered, and in  tunnelling  in  London Clay th e re  i s  
always a chance of finding a buried r iv e r  channel or a waterbearing s i l t  
len s , forepoling was used# Forepoles or sp ile s  were boards sharpened to  
a ch ise l point a t  one end5 most of the sp ile s  were a lso  wider a t  t h i s  end# 
The sharp and broad end was in se rted  above the  cap of the l a s t  b u i l t  se t 
and hammered in to  the ground# More boards were driven u n t i l  a continuous 
sheeting had been inserted  ahead of the  face . The length  of each sp ile  
was about two and a h a lf  tim es the  spacing between the  sets# Because the 
sp ile  was longer (about two and a h a lf  times in  the most secure system, than 
the spacing between the  se ts  and because the cap was th ick , the  sp ile  had 
to  be driven with an inconveniently steep in c lin a tio n  to  the ax is  of the  
tunnel# In very loose ground the  sp ile  could be t i l t e d  inward a f te r
14
mCO
driv ing , but a safer method was to  make every a lte rn a te  se t sm aller so th a t  
the angle was determined by twice the  se t spacing and the th ickness of the 
cap. The d e ta i l  i s  shown in  Fig 3* The roof of the d r i f t  was usua lly  the 
only p a rt forepoled, but i f  necessary a l l  four surfaces could be so made.
I f  th is  was done the whole tunnel was e ffe c tiv e ly  made in  the  ground ahead 
of the  face, and i f  th is  were excavated by moving one b reast board a t  a time 
complete con tro l could be maintained, even with a moderate amount of water 
flowing out of the face . Short s tru ts  were usually  put between the corners 
of one se t and those of the next to  stop the se ts  from t i l t i n g .  For c la r i ty  
these have been omitted from Fig 3»
2.2 BRICK LINED TUNNELS
Brick had been used fo r permanent c iv i l  engineering works in  London -  
p a rtic u la rly  forming cu lverts  over streams th a t had become sewers. This led  
to  the building of cut and cover brick arched.sew ers.' They could not be 
deep because they drained in to  the Thames so tunnelling  was not considered.
Used underground, brick  could not provide p ro tec tion  w h ilst th e  tunnel was 
driven so th a t  timber was required fo r temporary support of the  ground as 
well as fo r centring fo r the brick  arch i t s e l f .
2.2.1 The English system of tunnelling
The system of timbering used here was ca lled  the  English system and i s  shown 
in  Fig 4-* I t  d iffe red  from the e a r l ie r  French and Belgium systems in  th a t 
a c en tra l core of earth  was not l e f t  but the whole face was excavated and 
timbered fo r a length  of twelve fe e t or so. This l e f t  a space c le a r  fo r  
the b rick layers to  work separately  from the miners and f a c i l i t a te d  the  build­
ing of the  ’inverted a rch’ or in v ert which proved,to be necessary .in  London
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Clay and Weald Clay. Also the p i lo t  heading, in  square se t tim bering, could 
be driven a t  in v ert lev e l thus providing drainage. Sumps were even included 
so th a t  the water was .available fo r mixing m ortar.
The English system also  employed le s s  timber than the European ones $ the 
woods favoured here were the indigenous oak (Quercus robur) and the  la rch  
(Larix europa) which had been introduced in to  England in  the seventeenth 
century. The main economy in  timber was th a t  the 30 cm (12 in ) diameter 
la rch  tim bers called  bars which held the poling boards against the clay 
trav e lled  with the  work and were re-used in  each leng th . The bars ran 
p a ra lle l  to  the length  of the tunnel and were spaced a t  75 cm (2 f t  6 in ) 
centres a l l  round the arch and held apart by a number of short s t r u t s .  The 
bars res ted  on the fin ished  brickwork a t  th e ir  rear-m ost ends and on props 
supported in  tu rn  on horizon tal s i l l s  of 35 cm x 35 cm (14 in  x 14 iu ) square 
section a t  the  working face .
The in v e rt brickwork was b u il t  on the ground which had been trimmed by the 
miners using a wooden template called  a ground mould to  check the  shape.
When the in v e rt and skewbacks were completed o ther tem plates ca lled  the side 
moulds were se t up to  contro l the side w alls . These were b u il t  c lose to  the 
poling boards which were recovered i f  possible  and the space f i l l e d  with 
e a rth . When a bar was reached i t  could be removed because the brickwork 
then held the next row of poling boards (see in se t to  Fig 5 ). When the 
l in in g  was a t  springing le v e l, the centring was placed and succeeding courses 
res ted  against the  lagging, the l in e  of which th e re a fte r  diverged from the 
l in e  of the tim bering. In the crown of the  tunnel the  space between the 
two was wide enough fo r the f u l l  thickness of brickwork to  be completed under- 
neath the seven or eight crown bars . However, as the  work progressed, counter
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fo r ts  were b u i l t  in  brick  between th e  bars leaving them bricked in to  long 
1 c e l l s 1 (see section of brickwork in  Fig 5)« When the crown of the  length  
of brick  arch had been completed a top heading was driven in to  the  uppermost 
p a rt of the face . The crown bars were then drawn in to  th is  heading and 
tem porarily propped (see Fig 6 ). Poling and b reast boards could be in se rted  
and more of the  upper p a rt of the  face excavated u n t i l  the top s i l l  couldf be 
put in . The c e l ls  from which the bars had been drawn were f i l l e d  with clay 
rammed in  with a long-handled punner. The top s i l l  was secured against 
pressure from the face hy rakers and perm anent’ props put between i t  and the 
crown b a rs . The new excavation was now safe enough fo r the side bars and 
th e ir  poling boards to  be put in  f a i r ly  e a s ily  and the cycle of build ing 
rep ea ted .' A 1 len g th 1 (2.75 m -  3*7 m, 3 or 4 yards) of twin track  tunnel 
usually  took about a fo rtn ig h t to  complete (B raithw aite, 1907).
Of the many b rick  railway tunnels th a t were to  be driven through London Clay 
by the English method, the two which brought about the g rea tes t changes in  
the way engineers thought about London Clay were the  f i r s t ,  Primrose H il l ,  a t  
the end of the  London To Birmingham Railway, and the  deepest a t  Sydenham on 
the London, Chatham and Dover Railway.
2 .2 .2  Primrose H ill and Clerkenwell
The Primrose H ill tunnel 1060 m (1154 yds) long was b u il t  between 1836 and 
1837. The engineer to  the London and Birmingham railw ay was Robert 
Stephenson who had served th ree  years as an apprentice in  a c o ll ie ry . He had 
already completed several railw ay tunnels in  hard rock, but troub le  due to  
running sand in  Kilsby tunnel had cost a g rea t d ea l. A fter th is  experience 
he would have preferred  to  choose a route in to  London th a t avoided tu n n e llin g . 
However, the landowners and the Grand Junction Canal Company were strong ly
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opposed to  the railw ay. The route f in a l ly  chosen was a compromise and 
included the tunnels a t  Watford and Primrose H il l .
The tunnels were each lined  with a horse-shoe shaped brick arch (Pigs 7 .and 8 ). 
The London Clay in  the bottom of the Primrose H ill tunnel heaved and an 
* invert a rch1 of considerable f l a t t e r  p ro f ile  than the  main arch was added.
The clay gave sim ilar trouble  in  the Camden H ill cu tting  and was eventually  
r e c t if ie d  in  the same way (Rolt, 1960). No more tunnels were b u i l t  in  
swelling clay without an in v e r t .
This t r i a l  and e rro r tunnelling  although near to  London did not damage pro­
perty  because the tunnel was overla in  by farmland (see Fig 7 ) .  A route 
through undeveloped land was availab le  because Eton College was vain ly  
expecting to  lease  th e ir  Chalcots Farm e s ta te  to  a developer who could emulate 
the standards of Regents Park (Olsen,1973). P a rt of the tunnel passed under 
the old Marylebone to  Finchley road, now Avenue Road, and the new Marylebone 
to  Finchley Turnpike (now Finchley Road), but the landowner here,. Colonel 
Eyre, was concentrating on h igh-class development of the southern p a r t  of 
h is  e s ta te  a t  th is  tim e.
A fter the Chalcots e s ta te  had been b u il t  i t  became necessary to  dup lica te  
the Primrose H ill  tunnel. Presumably with Stephenson’s experience in  mind, 
the best methods were used. Nevertheless, W R G albraith  (1885) commented 
th a t  the new construction ’did not seem to  have been carried  out w ith as 
l i t t l e  disturbance to  build ings as had been achieved in  the Underground R ail­
way. From end to  end a l l  the buildings were cracked in  the neighbourhood 
of the tunnel and the company must have paid a la rge  amount fo r  compensation.’
«•
Biographical foot-note on page 80.
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Fig. 7 Primrose Hill tunnel , eastern portal,  by 
J .C ,  Bourne
G albraith  was comparing the  tunnelling  with th a t  on the M etropolitan and 
M etropolitan D is tr ic t  Railways, which although i t  i s  mostly in  covered ways, 
included a number of tunnels driven through the London Clay by the English 
system# The engineers were S ir John Fowler and S ir Benjamin Baker#
Speaking of th e  8#68 m (28 f t  6 in ) wide 666 m (728 yds) long Clerkenwell 
tunnel, b u i l t  between November 1860 and May 1862, Baker (1885) quoted 
measurements of the movements a t  the  crown of the tunnel made by h is  res id en t 
engineer, Morton# I t  was made up as follows!
cm inches
From commencement of the length  to  getting  in
the top s i l l  2 V-4
From getting  in  the top s i l l  to  completion of
timbering 5 2
Compression of green brickwork 4- 1"2
Settlement of arch 3 1V 4
D isto rtion  of in v e rt and side wall kb- 1^/A
Total 18g- 71/4
The cover varied between 25 and 60 f t  and the  damage to  build ings was 
described as f l i g h t * • Referring to  the  p a ra l le l  running ‘Widening tunnel* 
he observed ‘i t  was driven under the  c o n trac to r’s o ffice  in  Exmouth S tre e t 
without any apparent damage to  the ex te rio r of the  build ing, and without any 
apparent damage to  the ex te rio r of the bu ild ing , and with but s l ig h t in te rn a l 
ind ications of settlem ent. However with the  utmost precautions, tunnelling  
through a town i s  a risk y  operation, and settlem ents may occur years a f te r  
the completion of the works* Water mains may be broken in  the s t r e e ts  and 
in  the houses stone s ta irc ases  may f a l l  down and other unpleasant symptons 
of small earthquakes alarm the occupants’ # The long-term e ffe c ts  would be
19
in  p a rt due to  Fowler’s p rac tice  of building in  the  crown bars* which would 
la te r  have rotted#
'When i t  i s  remembered th a t  in  some tunnels the crown bars moved down 0*6 m 
(2 f t )  compared with the 7 cms (2^/4- inches) here and th a t a l l  the mortar 
was squeezed from between the bricks which would give a d iam etrica l contrac­
tio n  of one or two feet* th is  was very good tunnelling  by the standards of 
the day# Indeed, because i t  was done under the  supervision of the  f in e s t  
engineers of th e ir  time* and in  cen tra l London i t  probably was the best 
tunnelling  by the tra d itio n a l  method#.
Four b rick -lined  tunnels were driven through the London Clay h i l l  on which 
the C rystal Palace stood a t  Sydenham# The l a s t  and deepest of these  was 
completed in  1863 fo r the  London, Chatham and Dover Railway# The average 
cover over the crown of the tunnel was 25 m (82 f t ) ,  but in  p a r ts  was as 
much as 61 m (200 f t ) .
2 .2 .3  Sydenham
The engineer was Joseph Cubitt and the con tracto rs Peto and Betts# Their 
plan was to  sink six  shafts along the 2010 m (2200 yds) length  and connect 
them by headings driven a t  crown le v e l. These were to  serve as working 
headings* the  usual in v e rt le v e l p i lo t  heading being om itted. In sinking, 
the shafts i t  was found necessary to  timber them very heavily# The se ttin g s  
were framed with tim bers 30 cm x 30 cm (12 in  x 12 in ) placed 75 cm (2 f t  
6 in ) apart whereas 1 .8  m (6 f t )  spacing u su a lly  sufficed# The poling boards 
were 7.5 cm (3 in ) th ic k . The c lay  i t s e l f  often  contained highly polished 
’backs’ with a throw of several inches#
With these ind ica tions of trouble  ahead the con tracto rs used 4-6 cm (18 in )
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diameter crown bars spaced a t  75 cm (2 f t  6 in ) cen tres, bricked out the 
in v ert speedily and placed 35 cm x 35 cm (14 in  x 14 in ) rakers 7 .6  m (25 f t )  
long, reaching back to  specia l pockets b u ilt  in  the hardened brickwork a t 
th is  d istance from the  face . With a view to  re liev in g  the  load on the green 
brickwork of the arch, the cen tres were also  made ex tra  strong. Nevertheless, 
the stou t bars bowed and the  props sank so th a t  often  the crown bars moved 
down more than the 45-60 cm (1-|- to  2 f t )  th a t had been allowed fo r  by ra is in g  
th e ir  leading ends© Sometimes the crown was even close barred .
By these expedients the brickwork could be b u i l t  sa tis fa c to ry  but often  
fa ile d  a f te r  i t  had been in  fo r  a week or so.
Thought was then given to  modifying the l in in g . Only a few yards were b u il t  
in  the o rig in a l horse-shoe shape with in v e rt section . This i s  the section 
!a ! shown in  Fig 8 , which has fiv e  sections a to  e fo r th i s  tunnel, w ith 
p a rts  outside the lin e  ss cut o f f .  The foo tings were then widened to  the 
f u l l  cross section shown in  b (the dotted lin e  i s  fo r comparison.with other 
sections); nevertheless length  a f te r  length  fa ile d  by coming in  a t  the sides 
and l i f t in g  of the in v e r t . To remedy th is  the in v ert was lowered, section  c 
of Fig 8 .  This section served to le rab ly  well but many fa i lu re s  s t i l l  occurredr 
The next experiment was to  do away with the  broad footings of the side walls 
and adopt the egg-shaped section  d which had the in v ert the same th ickness as 
the w alls and arch. The in v ert now withstood the pressure but the  side w alls 
continued to  f a i l .  Eventually a f te r  10,000 nr* (13,000 cu/yds) of brickwork 
had been broken the nearly  c irc u la r section e was adopted. This was a 
complete success and the r e s t  of the tunnel was fin ished  in  a year (indeed 
the whole job only took a l i t t l e  over two years) (Baldwin, 1876).
Twenty-five years seems a long time fo r the best tunnel to  evolve. There
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a r e  m a n y  r e c o r d s  o f  b r o k e n  t i m b e r i n g  a n d  b r i c k w o r k  a m o n g s t  t h e  a c c o u n t s  o f  
t u n n e l  c o n s t r u c t i o n  d u r i n g  t h i s  p e r i o d ,  b u t  s o m e h o w  e a c h  p r o b l e m . w a s  o v e r c o m e *  
P e r h a p s  t h i s  i s  a  t r i b u t e  t o  t h e  o r d i n a r y  m i n e r s  a n d  b r i c k l a y e r s  w h o  w e r e  
a b l e  t o  - m a k e  e v e n  a n  u n s u i t a b l e  s y s t e m  w o r k  i f  i t  w o r e  a t  a l l  p o s s i b l e *  I t  
w a s  o n l y  . w h e n  t h e  g r o u n d  w a s  c o n s i d e r a b l y  m o r e  d i f f i c u l t  t h a n . - t h a t  p r e v i o u s l y  
e n c o u n t e r e d  t h a t  t h e  e n g i n e e r s  w e r e  i n d u c e d  t o  - r e - t h i n k  t h e i r  d e m o n s t r a b l y  
u n a p p r o p r i a t e  d e s i g n s *
A ' p a r a d o x  i s  p r e s e n t e d  b y  t h e  o n l y  t w o  c a n a l  t u n n e l s  i n  L o n d o n  C l a y  w h i c h '  
a p p e a r  t o  h a v e  a  d e s i g n  a h e a d  o f  t h e i r  t i m e .  T h e y  w e r e  b o t h  b u i l t ,  . b e t w e e n  
1 8 1 2  a n d  1 8 1 6  t o  f o r m  p a r t  o f  t h e  R e g e n t ’ s  C a n a l  w h i c h  w a s  o p e n e d  i n  1 8 2 0  t o
p r o v i d e  a  d i r e c t  l i n k  b e t w e e n ' t h e  L o n d o n  D o c k s  a n d  t h e  G r a n d  U n i o n  C a n a l
a v o i d i n g  t h e  t i d a l  T h a m e s - a n d  t h e  c r o w d e d : P o o l *
T h e  I s l i n g t o n  t u n n e l  i s  8 8 0  m  ( 9 6 0  y d s )  l o n g  a n d  p a s s e s  u n d e r  t h e  r i d g e  o f  
h i g h  g r o u n d  r u n n i n g  d o w n . t o  F i n s b u r y .  T h e  c o v e r  i s  a b o u t  1 5  m  ( 5 0  f t ) .
T h e  1 - I a i d a  t u n n e l  a b o u t  4 * 5  k m  w e s t  i s  2 5 0  m ( 2 7 2  y d s )  l o n g  a n d  o f  s i m i l a r  
d e s i g n .  T h e y  a r e  5*75 m (1S f t  9 in ) high, 3*4 m (11 f t )  f r o m  w a t e r  l e v e l  
t o  t h e  c r o w n ,  5 ° 2  m  ( 1 7  f t )  w i d e  a t  w a t e r  l e v e l ,  a n d  t h e  b r i c k w o r k  i s  3 b  c m  
( 1 4  i n )  t h i c k - *  T h e  c o n t r a c t o r s  w e r e  P r i t c h a r d  a n d  H o o f  o f  K i n g s  H o r t o n *
J a m e s . M o r g a n , '  t h e  e n g i n e e r  t o  t h e  c a n a l  c o m p a n y ,  i s ' u s u a l l y  c r e d i t e d  w i t h  
t h e  d e s i g n  o f  t h e s e  t u n n e l s .  I n  1 8 1 2  h e  h a d  h a d  n o  e x p e r i e n c e  o f  c a n a l s ,  
h a v i n g  b e e n  a s s i s t a n t  t o  J o h n  N a s h  f o r  1 7  y e a r s .  H i s  n e w  p o s t  v a n  d u e  t o
H a s h ’ s  d e s i r e  t o  p r o v i d e  o r n a m e n t a l  w a t e r  f o r  R e g e n t ’ s  P a r k .  T h e  d e s i g n  w a ' s
p r o b a b l y .  W i l l i a m  J e s s o p ’ s ,  s i n c e  h e  w a s  o n e  o f  t h e  e n g i n e e r s ' w h o  s u b m i t t e d  
e n t r i e s  t o  a  c o m p e t i t i o n  o r g a n i s e d  b y  N a s h .  T h e  p r i z e  w a s  n o t  a w a r d e d  
( G u m m c r s o n ,  1 9 3 5
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T h e  l i n i n g  i t s  i n  t h e  f o r m  o f  a n  e l l i p t i c a l  a r c h  w h i c h  m e e t s  t h e  c u r v e  o f  t h e  
i n v e r t  a t  a  c u s p ,  t h a t  i s  t h e r e  a r e  n o  s k e w b a c k s  b e t w e e n  t h e m  ( F i g  8 ) .  T h i s  
i s  v e r y  s i m i l a r  t o  o n e  o f  t h e  i m p r o v e d  s e c t i o n s  i n t r o d u c e d  a t  S y d e n h a m  / + 3  y e a r s  
l a t e r .
A t  f i r s t  s i g h t  i t  s e e m s  t h a t  R o b e r t  S t e p h e n s o n  c o u l d  h a v e  h a d  n o  c o n t a c t  w i t h  
t h e  c a n a l  b u i l d e r s  w h e n  h e  s t a r t e d  t h e  P r i m r o s e  H i l l  t u n n e l  i n  1 8 3 6 .  H o w e v e r ,  
t h e  h i s t o r i c a l  e v i d e n c e  d e n i e s  t h i s  ( e g  s e e  R o l t ,  1 9 6 0 ) .
I t  t h e r e f o r e  a p p e a r s  t h a t  h e  t h o u g h t  t h e  c a n a l  b u i l d e r s '  p r a c t i c e s  w e r e  n o t  
a p p r o p r i a t e  t o  h i s  t u n n e l s .  ( A l s o  t h a t  b e c a u s e  o f  S t e p h e n s o n ' s  r e p u t a t i o n  
t h a t  g e n e r a t i o n  o f  r a i l w a y  e n g i n e e r s  d i d  n o t  q u e s t i o n  h i s  j u d g e m e n t . )  C e r ­
t a i n l y  i t  m u s t  h a v e  s e e m e d  u n l i k e l y  t o  h i m  t h a t  t h e  h a r d  L o n d o n  C l a y  w o u l d  
p r o d u c e  a  h y d r o s t a t i c  d i s t r i b u t i o n  o f  p r e s s u r e  o r  p r e s s u r e ,3 o f  s u c h  m a g n i t u d e  
a s  w e r e  t o  b e  e n c o u n t e r e d .  T h e  c a n a l  a n d  r i v e r  n a v i g a t i o n  e n g i n e e r s  h a d  o n  
t h e  o t h e r  h a n d  f o r  c e n t u r i e s  h a d  t o  d e a l  w i t h  s o f t  g r o u n d  h e a v i n g  u p w a r d s  a t .  
t h e  b o t t o m s  o f  t h e i r  e x c a v a t i o n s .  T h e  e a r l y  p o u n d  l o c k s  w e r e  l i n e d  a n d  w e r e
a r c h e d  b o t h  i n  h o r i z o n t a l  a n d  v e r t i c a l  d i r e c t i o n s ,  e g  t h e y  w e r e  b o a t - s h a p e d .  
T h i s  m o r p h o l o g i c a l  r e s e m b l a n c e  b e t w e e n  t h e  l o c k  l i n i n g  a n d  t h e  b o a t  h u l l  m u s t  
i t s e l f  h a v e  b e e n  d u e  t o  a  r e c o g n i t i o n  o f  t h e  s i m i l a r i t y  o f  t h e i r  s t r u c t u r a l  
f u n c t i o n s .
2 * 3  C A 3 T  I R O N
2 , 3 . 1  O r i g i n  o f  c i r c u l a r  l i n i n g
T h e  c i r c u l a r  s e c t i o n  w o u l d  b e  a l m o s t  t h e  o n l y  o n e  u s e d  w h e n  t u n n e l s  c a m e  t o  
b e  m a d e  o f  c a s t  i r o n .  T h i s  m a t e r i a l  w o u l d  f i r s t  b o  i n t r o d u c e d '  a s  p a r t  o f  
t h e  d e v e l o p m e n t  o f  s u b a q u e o u s  t u n n e l l i n g .  U n d e r g r o u n d  w a t e r  w a s  a  n e a r l y  
i n s u p e r a b l e  h a z a r d  t o  t h e  e a r l y  t u n n e l l e r s  a n d  a n  e m b a r a s s m e n t  t o  s h a f t
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s i n k e r s *  ' W h e n  s i n k i n g  d e e p  s h a f t s  f o r  c o l l i e r i e s  i t  h a d  b e e n  t h e  p r a c t i c e  
t o  l i n e  t h o s e  p a r t s  w h i c h  p a s s e d  t h r o u g h  a q u i f e r s  w i t h  w o o d e n  s t a v e s  b o u n d  
w i t h  i r o n  h o o p s  t o  f o r m  a  w a t e r t i g h t  c y l i n d e r  c a l l e d  t u b b i n g  b e c a u s e  t h e  
m e t h o d  o f  c o n s t r u c t i o n  w a s  t h e  s a m e  a s  t h a t  e m p l o y e d  f o r  t u b s  ( G a l l o w a y ,  1 8 8 2 ) .  
T h e  i n v e n t i o n  o f  c a s t  i r o n  t u b b i n g  w a s  a t t r i b u t e d  b y  G a l l o w a y  t o  J o h n  D u d d l e  
a n d  h i s  f a t h e r  o f  t h e  s a m e  n a m e :  1 I n  t h e  y e a r  1 7 9 2  a  c a s t  i r o n  t u b  c o n s i s t i n g  
o f  c y l i n d e r s  t h e  f u l l  s i s e  o f  t h e  p i t  w a s  a p p l i e d  b y  t h e  e l d e r  J o l m  B u d d i e  t o  
d a m  b a c k  a  q u i c k s a n d  i n  t h e  p i t  A  a t  W a l l s e n d .  S i m i l a r  c y l i n d e r s  w e r e  
e m p l o y e d  b y  l l r  B a r n e s  i n  t h e  K i n g  p i t  a t  W a l k e r  C o l l i e r y  a b o u t  1 7 9 5 *  T h i s  
f o r m  o f  t u b b i n g ,  h o w e v e r ,  w a s  o n l y  a v a i l a b l e  n e a r  t h e  s u r f a c e ,  b u t  b y  d i v i d i n g  
t h e  r i n g s  i n t o  s e g m e n t s  i t  b e c a m e  a p p l i c a b l e  i n  a n y  p a r t  o f  t h e  s h a f t *
Gegrnents of cast iron , having flanges turned inwards fo r bo lting  the pieces 
together, were f i r s t  used by Mr Buddie in  1796-7, in  sinking the Percy Main 
pit*  An improved form of segment, having flanges turned outwards and w ith­
out bo lt s> was introduced by the same gentleman in  oinking the Howden p i t  in  
1804-5$ an arrangement which has ever since been u n iversa lly  adopted where 
cast iron  tubbing i s  applied under ordinary circum stances1*
2 * 3 * 2  O r i g i n  o f  t u n n e l l i n g  s h i e l d
M a r c  B r u n e i  i n c l u d e d  t w o  k i n d s  o f  c i r c u l a r  i r o n  l i n i n g  f o r  t u n n e l s  i n  t h e
p a t e n t  h e  f i l e d  i n  1 8 1 8  w h i c h  r e f e r s  t o  t h e  f o r m a t i o n  o f  d r i f t s  u n d e r  t h e  b e d s
o f  r i v e r s ,  b u t  n e i t h e r  w e r e  a c t u a l l y  U 3 e d  b y  h i m *  T w o  t u n n e l  s h i e l d s  w e r e
a l s o  d e s c r i b e d  a n d  o n e  o f  t h e s e ,  a l t h o u g h  s h o w n  a s  c i r c u l a r  i n  M a r c  B r u n e i ' s
1
d r a w i n g s  e m p l o y s  t h e  s a m e  p r i n c i p l e  a s  t h a t  u s e d  i n  t h e  s h i e l d  w h i c h  t h e  
. B r u n e i s  a c t u a l l y  u s e d  f o r  t h e  T h a m e s  t u n n e l  b e t w e e n  1 8 2 5  a n d  1 8 4 3 *  T h i s  w a s
-j
T w o  v e r s i o n s  o f  t h i s  s h i e l d  w e r e  b u i l t ,  b o t h  d e s i g n e d  b y  B r u n e i .  T h e  f i r s t  
w a s  m a d e  b y  M a u d  s l a y s  a n d  w a s  u s e d  b e t w e e n  1 8 2 5  a n d  1 8 2 8 *  ’W o r k  w a s  s u s p e n d e d  
b e t w e e n  1 8 2 8  a n d  1 8 3 5 *  T h e  s e c o n d  s h i e l d ,  b u i l t  b y  R e n n i e s  h a d  r e f i n e m e n t s  
m a k i n g  . . - i t  m o r e  s u i t a b l e ' f o r  t h e  r u n n i n g  g r o u n d  t h a t  h a d  b e e n  e n c o u n t e r e d *
I n  1 8 3 5  i t  w a s  s u b s t i t u t e d  f o r  t h e  f i r s t  o n e  a n d  w a s  u s e d  u n t i l  t h e  t u n n e l  w a s  
c o m p l e t e d .  T h e  s e c o n d  s h i e l d  w a s  d e s c r i b e d  a n d  i l l u s t r a t e d  b y  L a v ;  ( 1 8 4 6 ) .  
F i g u r e  9  i s  f r o m  L a v ; .
2 4
Fig. 9 Sir Marc Brunei's Thames Tunnel sh ie ld .
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b u i l t  i n  b r i c k w o r k ' - o f ' r e c t a n g u l a r  s e c t i o n  1 1 . 5  m  x , 6 * 5  r n  ( 3 7  f t  6  i n  x  2 2  f t  
3  i n )  a n d  p i e r c e d  b y  t w o  a r c h w a y s  e a c h  5 * 2  m  ( 1 7  f t )  h i g h  a n d  4 * 2 5  m  ( 1 - 4  f t )  
w i d e  ( s e e  I t L g  8 ) .  T h e  f l a t  s e c t i o n  w a s  a d o p t e d  ( C l e m e n t s ,  1 9 7 0 )  b e c a u s e  
b o r i n g s  h a d  s h o w n  t h a t  t h e  l a y e r  o f  ' s t r o n g  c l u e  c l a y '  t h r o u g h  w h i c h  t h e  
t u n n e l  . w a s  t o  b e  d r i v e n ,  w a s  n o t  t h i c k  e n o u g h  f o r  a  c i r c u l a r  t u n n e l  c o n t a i n i n g  
t w o  c a r r i a g e  w a y s *  I n  t h e  e v e n t  m o s t  o f  t h e  t u n n e l  w a s  d r i v e n  t h r o u g h - v e r y  
s o f t  m a t e r i a l *
B r u n e i  o b s e r v e d  t h a t  ' I t  i s  o b v i o u s  t h a t  t h e  s m a l l e r  t h e  o p e n i n g  o f  a  d r i f t
t h e  e a s i e r  ' a n d '  t h e  m o r e  s e c u r e  t h e  o p e r a t i o n  o f  m a k i n g  t h e  e x c a v a t i o n  m u s t
b e ' *  H e  c o n c l u d e d  f r o m  t h i s  t h a t  i n  o r d e r  - t o . m a k e  a  l a r g e  t u n n e l - h e  s h o u l d
s p l i t  h i s  s h i e l d  u p  i n t o  a  n u m b e r  (36  i n  t h e  a c t u a l  T h a m e s  t u n n e l )  o f  s m a l l
c e l l s  e a c h  l a r g e  e n o u g h  f o r  o n o  m a n  t o  w o r k  i n  a n d  i n t e n d e d  t o  b e  f o r c e d
’ : /  
f o r w a r d  b e f o r e  t h e  t i m b e r i n g  w h i c h  i s  g e n e r a l l y  a p p l i e d  t o  s e c u r e  t h e  w o r k '
. . . . . . . ' T h e  w o r k m a n  t h u s  i n c l o s e d  a n d  s h e l t e r e d  m a y  w o r k  w i t h  e a s e  a n d  i n
p e r f e c t  s e c u r i t y ' .  E a c h  o f  t h e  t e n  c e l l s  o f  t h e  p r o p o s e d  c i r c u l a r  s h i e l d
w a s  t o  m o v e  s e p a r a t e l y ;  i n  t h e  r e c t a n g u l a r  s h i e l d  a c t u a l l y  b u i l t ,  s t a c k s  o f
3  c o l l 3 m o v e d  a s  u n i t s *
M a r c  B r u n e i ' s  s h i e l d  c e r t a i n l y  w o r k e d  b u t  t h e  c o n t r i b u t i o n  o f  s p l i t t i n g  i t  
u p  a s  h e  d i d  m u s t  m a i n l y  h a v e  b e e n  t o  m a k e  i t  p o s s i b l e  t o  a d v a n c e  t h e  s h i e l d  
w i t h o u t  u s i n g  l a r g e  f o r c e s .  S i n c e  t h e  s h i e l d  c e l l s  w e r e  a d v a n c e d  b y  s c r e w  
■ j a c k s  o p e r a t e d  b y  h a n d ,  l a r g e  l o a d s  w e r e  n o t  a v a i l a b l e ;  a n d  b e c a u s e  t h e  
r e c t i o n  h a d  t o  b e  t a k e n  b y  g r e e n  b r i c k w o r k  t h e y  c o u l d  n o t  h a v e  b e e n  u s e d  a n y ­
w a y *  C o n t r o l  o f  t h e  f a c e  d e p e n d e d  o n  t h e  w a y  t h e  w o r k  w a s  d o n e  i n  e a c h  o f  
t h e  c e l l s  r a t h e r  t h a n  o n  w h e t h e r  t h e y  a d v a n c e d  s e p a r a t e l y  o r  i n  a  b l o c k .
E a c h  c e l l  h a d  f i f t e e n  p o l i n g  b o a r d s  1 5  c m  ( 6  i n )  w i d e ,  e a c h  h e l d  a g a i n s t  t h e  
f a c e  b y  i t s  o w n  s c r e w  j a c k s ,  s o  t h a t  a l t h o u g h  v e r y  s o f t  g r o u n d  w a s  e n c o u n t e r e d
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v e r y  l i t t l e  n e e d e d  t o  b e  e x p o s e d  a t  a  t i m e #
I n  d e s c r i b i n g  b i s  o t h e r  p r o p o s e d  s h i e l d  i n  1 8 1 8  B r u n e i  r e f e r s  t o  t h e  w o o d  
b o r i n g  m o l l u s c  T e r e d o  n a v a l i s *  I n  t h i s  s p e c i e s  t h e  t w o  v a l v e s  o f  t h e  s h e l l  
d o  n o t  c o v e r  t h e  b o d y  b u t  h a v e  d e g e n e r a t e d  t o  t w o  t r i a n g u l a r  p l a t e s  o n  t h e  
f r o n t  o f  t h e  h e a d .  T h e s e  p l a t e s  h a v e  a n  a b r a s i v e  s u r f a c e  f a c i n g  f o r w a r d  a n d  
c a n  b e  m o v e d  i n  s u c h  a  w a y  t h a t  t h e  w o o d  i n  f r o n t  o f  i t  c a n  b e  r a s p e d  t o  a  
p o w d e r ; f i t  t o  b e  d i g e s t e d *  T h e  a n i m a l  t h e n  s e c r e t e s  a  n a c r e o u s  l i n i n g  o n t o  
t h e  t u n n e l  f o r m e d  i n  t h e  w o o d .
B r u n e i  w a s  i m p r e s s e d  b y  t h e  e l e g a n c e  o f  c o n t i n u o u s l y  d e p o s i t i n g  a  l i n i n g  i n -  
s i t u  a n d  c o m b i n i n g  t h e  f u n c t i o n  o f  f a c e  c o n t r o l  a n d  e x c a v a t i o n  i n  o n e  p a i r  
o f  f u l l  f a c e  c u t t e r s .  O n e  i m a g i n e s  h e  t h o u g h t  o f  s o m e t h i n g  l i k e  t h e  H a l i n g c r  
m a c h i n e  w i t h  a d d e d  p r o v i s i o n  f o r  p l a c i n g  a  s h o t c r e t e . l i n i n g ' o n  t h e  g r o u n d  i t  
h a d  e x p o s e d .  H i s  1 8 1 8  s o l u t i o n  w a s  a  s p i r a l  l i n i n g  o f  c a s t  i r o n  p l a t e s  
( a n t i c i p a t i n g  t h e  f o r m  o f  t h e  B r i d g e  s y s t e m )  a n d  a  c y l i n d r i c a l  s h i e l d  c o n s i s ­
t i n g  o f  a  n u m b e r  o f  ' s t a v e s ’  l i k e  a  r i n g  o f  s h e e t  p i l i n g  w h i c h -  c o u l d  m o v e  
p a r a l l e l  t o  t h e  a x i s  o f  t h e  c y l i n d e r  s o  t h a t  a t  t h e i r  r e a r m o s t  e n d s  t h e y  
f i t t e d  t h e  f r o n t  s p i r a l  o f  t h e  l i n i n g .  T h i s  s h i e l d  d o e s  n o t  a p p e a r  t o  h a v e  
b e e n  i n t e n d e d  t o  o v e r l a p  t h e  l i n i n g  a s  w a s  t h e  o t h e r  c i r c u l a r  s h i e l d .  T h e
f o r w a r d  e n d  o f  t h e  r i n g  o f  s t a v e s ,  w h i c h  w e r e  t o  b e  a d v a n c e d  b y  h y d r a u l i c  
r a m s ,  m e t  a l l  a n n u l u s  o f  p l a t e s  s u r r o u n d i n g  a  c e n t r a l  a u g e r .  T h e  p l a t e s  w e  r e  
h i n g e d  s o  t h a t  t h e  a n n u l u s  c o u l d  f o r m  a  s h a l l o w  h e l i x  w h i c h  B r u n e i  c a l l e d  
t h e  g r e a t e r  a u g e r .  T h i s  g r e a t e r  a u g e r  d i d  n o t ,  o f  c o u r s e ,  r o t a t e  a s  a  w h o l e  
b u t  t h e  s t e p  i n  t h e  h e l i x  m o v e d  r o u n d  a s  t h e  s t a v e s  w e r e  a d j u s t e d .  T h e  s p o i l  
w a s  t o  b e  r e m o v e d  f r o m  o n  o p e n i n g  a t  t h e  s t e p  i n  t h e  h e l i x .
T i i c  i d e a  o f  a  s e r i e s  o f  i n t e r l o c k i n g  l o n g i t u d i n a l  s t a v e s  a l s o  e m b o d i e s  i n  a  
m u c h  l a t e r  p a t e n t  b y  J e n n i n g s  a n d  B t a n n a r d  a n d  p u t  i n t o  p r a c t i c e  i n  1 8 9 0
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w h e n ' a l l  a d d i t i o n a l  t u n n e l  w a s  r e q u i r e d  b y  t h e  G r e a t  N o r t h e r n  R a i l w a y  w h e r e  
t h i s  c r o s s e s  u n d e r  t h e  R e g e n t s  C a n a l  a t  K i n g s  C r o s s .  T h e i r  s o - c a l l e d  
‘ n e e d l e s *  w e r e  3 . 0 5  m  ( l 0  f t )  l o n g ,  1 5  c m  ( 6  i n )  w i d e ,  a n d  5  c m  ( 2  i n )  d e e p .  
T h e y  a r e  r e g a r d e d  b y  S i i n m g  a s  a  s u b s t i t u t e  f o r  t h e  e a r l i e r  t i m b e r  c r o w n  b a r s  
a n d  p o l i n g  b o a r d s .  T h e y  w e r e  o n l y  u s e d  i n  t h e  t o p  h a l f  o f  t h e  t u n n e l ,  t h e  
f a c e  a n d  o t h e r  p a r t s  b e i n g  t i m b e r e d .  T h e  f r o n t  e n d s  w e r e  s h a r p e n e d  a n d  t h e y  
w e r e  d r i v e n  i n t o  t h e  c l a y  b y  d e t a c h a b l e  s c r e w  j a c k s  w h i c h  e n g a g e d  i n  h o l e 3 
i n  t h e  . n e e d l e s ' a n d  t h r u s t  o f f  t h e  b r i c k w o r k .  T h u s  t h e r e  w a s  n o  l o n g e r  a n y  
n e e d  f o r  a  t o p  h e a d i n g .  A f t e r  t h e  b r i c k w o r k  h a d  b e e n  c o m p l e t e d  u n d e r  t h e  
c a n o p y  o f  n e e d l e s ,  t h e y  w e r e  r e - a d v a n c e d ,  s i n g l y  o r  i n  t h r e e s .  T h e  n e e d l e s  
w e r e  p r o v i d e d  - . w i t h  l o n g i t u d i n a l  t u b u l a r  c a v i t i e s ' t h r o u g h  w h i c h  g r o u t  c o u l d  b e  
p u m p e d  a s  t h e y  w e r e  d r i v e n .  T h u s  n o  s p a c e  w a s  l e f t  a b o v e  t h e  b r i c k w o r k .
T h i s  t u n n e l  w a s  o i l  e a r l y  e x a m p l e  o f  t h e  u s e  o f  a  s h a l l o w  b o r e d  t u n n e l  d r i v e n  
t o  a v o i d  i n t e r f e r e n c e  w i t h  e x i s t i n g  s t r u c t u r e s  ( t h e  R e g e n t ’ s  C a n a l *  t h e  G r o a t  
N o r t h e r n  G o o d s  S t a t i o n ,  a n d  t h e  o l d  C a l e d o n i a n  C a t t l e  M a r k e t ) . w i t h o u t  t h e  
n e c e s s i t y  f o r  a  s t e e p  g r a d i e n t  a t  t h e  p o r t a l .  T h e  n e e d l e s  o n l y  r e q u i r e d  a  
5  c m  ( 2  i n )  d e p t h  a b o v e  t h e  b r i c k w o r k  w h e r e a s  t i m b e r  b a r 3 w o u l d  h a v e  r e q u i r e d  
60 c m  ( 2  f t ) ;  t h u s  t h e  t u n n e l  c o u l d  b e  c o m p l e t e d  w i t h  o n l y  1 . 8  m  ( 6  f t )  
■ h e a d w a y  . ' . ( S i m m s ,  D *  K i n n e a r  C l a r k ,  1 896 ) ;
2 . 3 .3  O r i g i n s  o f  t u b e  r a i l w a y s
T h e  a d v a n t a g e s  o f  p r e f a b r i c a t i o n  a n d  o f  w a t e r t i g h t n e s s  w h i c h  t h e  u s e  o f  c a s t  
i r o n  c o u l d  p r o v i d e  i n  c i v i l  e n g i n e e r i n g  s t r u c t u r e s  w a s  b e i n g  e x p l o i t e d  b y  t h e  
s e c o n d  h a l f  o f  t h e  n i n e t e e n t h  c e n t u r y .
I n  1 8 5 1  c a s t  i r o n  c y l i n d e r s  w e r e  u s e d  a s  c a i s s o n s  f o r  s i n k i n g  t h e  p i e r s  o f  
R o c h e s t e r  b r i d g e  o v e r  t h e  M e d w a y  b y  C u b i t t  a n d  U r i g h t j  i n  1 8 5 2  I  K  N r u n e l
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u n e d  t h e m  f o r  C h e p s t o w  b r i d g e  o v e r  t h e  W y e .
I n  O c t o b e r ;  1 865 w o r k  w a s  s t a r t e d  o n  t h e  V / a t e r l o o  a n d  W h i t e h a l l  R a i l w a y .
I r o n  t u b e s  1 2  f t  9  i n  d i a m e t e r  w e r e  c o n s t r u c t e d  b y  S a m u d a  B r o t h e r s  o f  P o p l a r  
f o r  w h a t  w o u l d  h a v e  b e e n  t h e  w o r l d 1 s  f i r s t  i m m e r s e d  t u b e  t u n n e l .  T h i s  w a s  t o  
c r o s s  t h e  T h a m e s ' b e 1t w e e n  G r e a t  S c o t l a n d  Y a r d  a n d  Y o r k  R o a d  ( H a d f i e l d ,  1 9 6 6 ) .  
R e p e r c u s s i o n s  o f  t h e  O v e r e n d  a n d  G u r n e y  b a n k i n g  f a i l u r e  r e s u l t e d  i n  t h i s  
p r o j e c t  b e i n g  a b a n d o n e d .  P r o p u l s i o n  o n  t h i s  r a i l w a y  w a s  t o  h a v e  b e e n  b y  l o w
p r e s s u r e  a i r /  t h e  t r a i n  i t s e l f  a c t i n g  a s  t h e  p i s t o n  i n  c o n t r a s t  t o  t h e  m o r e
o f t e n  t r i e d  s y s t e m  o f  a  p i s t o n  m o v i n g  i n  a  s p l i t  t u b e  m o u n t e d  i n  t h e  t r a c k .
I n  D e c e m b e r  1 8 6 6  t h e  d i v e r s i o n  o f  t h e  F l e e t  s e w e r  f o r  e x t e n s i o n  o f  t h e  M i d l a n d
R a i l w a y  t o  S t  P a n c r a s  w a s  a c c o m p l i s h e d ,  a t  t h e  i n s i s t e n c e  o f  t h e  n e w l y  f o r m e d  
M e t r o p o l i t a n  B o a r d  o f  W o r k s ,  b y  m e a n s  o f  1 5  f t  d i a m e t e r  c a s t  i r o n  r i n g s *
T h e  e n g i n e e r  w a s  W  H  B a r l o w  ( B a r n e s ,  1 9 6 6 ) .
H o w e v e r ,  i t  w a s  n o t  u n t i l  1 8 6 9  t h a t  a  b o r e d  t u n n e l  i n  L o n d o n  G l a y . . w a s  l i n e d  
w i t h  c a s t  i r o n .  T h i s  w a s  t h e  T o w e r  S u b w a y ,  w h i c h  w a s  d r i v e n  u n d e r  t h e . - ' T h a m e s
b e t w e e n  T o w e r  H i l l  a n d  V i n e  S t r e e t  ( n o w  V i n e  L a n e )  o f f  T o o l e y  S t r e e t .
T h e  p r o j  e c t  w a s  s p o n s o r e d  a n d  e n g i n e e r e d  b y  P e t e r  W i l l i a m s  B a r l o w ,  e l d e r  s o n  
o f  P r o f e s s o r  P e t e r  B a r l o w  m a t h e m a t i c i a n  a n d  s c i e n t i s t  a n d  b r o t h e r  o f  W i l l i a m  
H e n r y  B a r l o w  c o n s u l t i n g  e n g i n e e r  t o  t h e  M i d l a n d  R a i l w a y .  P  W  B a r l o w  h a d  
b e e n  p r i n c i p a l  e n g i n e e r  t o  t h e  S o u t h  E a s t e r n  R a i l w a y *  I n  1 8 / , .  5  l i e  h a d  r e a d  
a  p a p e r  t o  t h e  I n s t i t u t i o n  o f  C i v i l  E n g i n e e r s  c o m p e r i n g  a t m o s p h e r i c  t r a c t i o n  
o f  t h e  s p l i t  t u b e  t y p e  w i t h  r o p e  h a u l a g e .  T h e  l a t t e r  m e t h o d  h a d - b o o n  u s e d
b y  G e o r g e - - S t e p h e n s o n  o n  t h e - C a m d e n  i n c l i n e  f r o m  E u s t o n  i n  1 8 3 8  a n d  t h e  t w o
m e t h o d s ' ;  w e r e  ' c o n s i d e r e d ■ b y  P e a r s o n  f o r  t h e  M e t r o p o l i t a n ' R a i l w a y  w h i c h  h a d
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opened in  1.8.63* However* because l i t t l e  power was needed the use of small 
steam locomotives underground was not a t  f i r s t  considered ob jectionable . How 
with increasing t r a f f ic  and more powerful locomotives the v e n tila tio n  was' 
proving inadequate. Siemens-.was not to  exh ib it h is  e le c tr ic  locomotive u n t i l  
1 8 7 9 .
P . W  B a r l o w  - b e l i e v e d  t h a t  t h e  s t e a m  l o c o m o t i v e  w a s  o u t  o f  p l a c e  u n d e r g r o u n d .
I f  t h e  p r i m e  m o v e r  w a s  s e p a r a t e d  f r o m  t h e  v e h i c l e ,  a n  u n d e r g r o u n d  r a i l w a y  c o u l d  
b o  d e s i g n e d  - . w i t h  f r e e d o m - t o  c o n c e n t r a t e  o n  t h e  r e a l  p r o b l e m ,  o f  m e t r o p o l i t a n  
t r a n s p o r t *  T h e  r a i l w a y  o r  t r a m w a y  c o u l d  r u n  t h r o u g h  d e e p  t u n n e l s  w h i c h  
i g n o r e d  t h e  s u r f a c e  f e a t u r e  i n c l u d i n g  r i v e r s  a n d  b u i l d i n g s .  T h e  s y s t e m  - w h i c h  
1 - I a r c  B r u n e i  h a d . s u g g e s t e d  i n  1 8 1 8  w a s  i d e a l  f o r  s u c h  a  ’ s u b w a y 1 a n d  b y  1 8 6 8  
i t s  v a r i o u s  c o m p o n e n t s  h a d  a l r e a d y  b e e n  s e p a r a t e l y  t e s t e d .  P o w e r e d  l i f t s  
w e r e  a v a i l a b l e  t o  t a k e  t h e  p a s s e n g e r s  t o  a n d  f r o m  t h e  d e e p  t u n n e l s .
B a r l o w  p l a n n e d  a  s u b w a y  f o l l o w i n g  a  s e m i - c i r c u l a r  r o u t e  b e t w e e n  T o t t e n h a m  
C o u r t  H o a d  a n d  t h e  E l e p h a n t  a n d  C a s t l e  w i t h  a  r i v e r  c r o s s i n g  d o w n s t r e a m  o f  
t h e  b r i d g e s .  T h e  r i v e r  c r o s s i n g  w o u l d  b e  t h e  t r i a l  l e n g t h  f o r  a  n u m b e r  o f  
r e a s o n s :  ( 1 )  t h i s  w a s  t h e  p a r t  t h a t  t h e  l a y  s h a r e h o l d e r s - w o r e  m o s t  a n : d o u s
a b o u t ,  ' y e t . ' B a r l o w ’ k n e w  t h a t  b y  g o i n g  d e e p ,  a n d  w i t h  t h e  t u n n e l l i n g  s h i e l d ,  i t  
w o u l d  c a u s e  n o  m o r e  e n g i n e e r i n g  d i f f i c u l t i e s  t h a n  a n y  o t h e r  s e c t i o n ;  ( 2 )  a  
• n e w  r i v e r  c r o s s i n g  c o u l d  b e  e x p e c t e d  t o  p a y  i t s  w a y  a s  a  s e p a r a t e  e c o n o m i c  
u n i t  e v e n  b e f o r e  t h e  r e s t  o f  t h e  r a i l w a y  w a s  b u i l t ; ,  a n d  ( 3 )  l i t t l e  p r i v a t e  
p r o p e r t y  h e e d e d  t o  b e  b o u g h t  f o r  t u n n e l l i n g  r i g h t s .
T h a t  B a r l o w ,  w a s - . a n  e n g i n e e r - p l a n n e r  r a t h e r  t h a n  a n  i n n o v a t o r  o f  t e c h n i c a l  
i d e a s  i s  i n d i c a t e d  b y  t h e  t i t l e  o f  h i s  p a t e n t  s p e c i f i c a t i o n  o f  1 8 6 / f  :  
’ I m p r o v e m e n t s  i n ■ c o n s t r u c t i n g  a n d  w o r k i n g  r a i l w a y s  a n d  i n  c o n s t r u c t i n g  r a i l w a y
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t u n n e l s '  a n d  o f  h i s  p a p e r  o f  1 8 6 7  ' O n  t h e  r e l i e f  o f  L o n d o n  s t r e e t  t r a f f i c  
w i t h  a  d e s c r i p t i o n  o f  t h e  T o w e r  S u b w a y ' .  B y  b r i n g i n g  t o g e t h e r  a  d o z e n  o r  
s o  i d e a s  w h i c h  h a d  p r e v i o u s l y  o n l y  b e e n  u s e d  i n d e p e n d e n t l y  o r  h a d  b e e n  p u b ­
l i s h e d  b u t  n o t  t r i e d ,  a n d  s o m e  i n n o v a t i o n s  o f  h i s  o w n ,  B a r l o w  c r e a t e d  a  s y s t e m  
w h i c h - - ,  w a s  t o  b e  . t h e ' " b a s i s  o f  a  r e v o l u t i o n  i n  u r b a n  t r a n s p o r t  ( s e e  T a b l e  p  3 1  ) •
I n  s o - f a r  a s  t h e  p a t e n t  o f  1 8 6 4 -  d e a l s  w i t h  t h e  a c t u a l  c o n s t r u c t i o n  o f  a  s h i e l d  
t h e  s i n g l e  n o v e l t y  i s  t h a t  i t  s h o u l d  m o v e  f o r w a r d  i n  o n e  p i e c e . .  I t  i s  
d i v i d e d  i n t o  4 4 .  c o m p a r t m e n t s  a n d  a  c r o s s  s e c t i o n  i s  s h o w n  w i t h  a  r i n g  o f  1 2  
s e g m e n t s  e a c h  c i r c u m f e r e n t i a l  f l a n g e  o f  w h i c h  h a s  s i x  f o l t  h o l e s ,  f r o m  t h i s  
o n e  m i g h t  g u e s s  t h a t  t h e  t u n n e l  d i a m e t e r  \ / a s  i n t e n d e d  t o  b e  25  o r  30  f t .  
H o w e v e r ,  t h e  l o n g i t u d i n a l  s e c t i o n  o f  t h e  t u n n e l  s h o w s  a  l i n i n g  o f  s i x  s e g m e n t s  
a n d  n o  p l a t f o r m s  f r o m  w h i c h  t h e  s c r e w  j a c k s  m i g h t  b e  o p e r a t e d .
T h e  1 8 6 / , .  p a t e n t  s t r e s s e s  t h e  p o t e n t i a l  o f  t h e  s h i e l d  m e t h o d  ' p a r t i c u l a r l y  
w h e r e  t h e  1111-111013 a r e  u n d e r  r i v e r s  o r  u n d e r  t o w n s  a n d  p l a c e s  w h e r e  t h e  u p p e r  
s u r f a c e  c a n n o t  w i t h o u t  s e r i o u s  i n j u r y  b e  b r o k e n  u p  o r  i n t e r f e r e d  w i t h 1 .  H e  
a l s o  s t a t e d  i n  t h e  p a t e n t  t h a t :  ' I t  i s  d e s i r a b l e  t h a t  t h e  t h i c k n e s s  o f  t h e
i r o n  o f  t h e  c y l i n d e r  ( t a i l  p l a t e )  s h o u l d  b e  a s  l i t t l e  a s  m a y  b e  i n  o r d e r  t h a t  
t h e  s p a c e  b e t w e e n  t h e  o u t e r  s u r f a c e s  o f  t h e  r i n g s  a n d  t h e  - . . e a r t h  w h i c h  s u r r o u n d  
t h e m  m a y  n o t  p r o d u c e  a n y  s u b s i d e n c e  i n  t h e  l a n d  a b o v e ' ,  a n d  ' T h e  s p a c e  a s  i t  
i s  l e f t  b e t w e e n  t h e  e a r t h  a n d  t h e  e x t e r i o r  o f  t h e  t u n n e l  m a y  b e  f i l l e d  b y  
i n j e c t i n g  o r  r u n n i n g  i n  f l u i d  c e m e n t ' .  T h i s  a p p e a r s  a l m o s t  a s  a n  a f t e r ­
t h o u g h t ,  b u t  g r o u t i n g  w a 3  t h e  v e r y  i n n o v a t i o n  w h i c h  w a s  t o  m a k e  s u b r a c t r o p o l i t a h  
t u n n e l l i n g  a c c e p t a b l e .
T h e  s e c o n d  p a t e n t  w a s  t a k e n  o u t  i n  1 8 6 8 ,  t h e  s a m e  y e a r  t h a t  t h e  T o w e r  S u b w a y  
C o m p a n y ,  w a s  f o r m e d .  T h e  s h i e l d  i l l u s t r a t e d  a p p e a r s  t o  b e  s m a l l e r .  T h e
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long itud inal section shows a lin in g  l ik e  th a t a c tu a lly  used in  the  Tower 
Subway* The cross-sec tion  shows a lin in g  of six  segments* This specifica­
tio n  re fe rs  to  an important innovation: 'A transverse  p a r t i t io n  or end
having through or below i t s  centre and opening which an be e ith e r  p a r t ia l ly  
or e n tire ly  closed as requ ired . •••••*•• By th is  arrangement should the 
water a t  any time break in to  the tunnel the upper portion  of the in te r io r  of 
the tunnel may a t  a l l  times be kept, supplied with a i r  under pressure as the 
closed end w ill prevent the a ir  from escaping1 (Barlow, 1868).
The bulkhead i l lu s t r a te d  in  the sp ec ifica tio n  would perform th is  function , 
but the one used in  the sh ie ld  a c tu a lly  b u i l t  would not have been so e ffe c tiv e  
had water been encountered.
2,3*4 Tower Subway
Because the eighteen year long struggle th a t Brunei had endured under the 
Thames was remembered, Barlow was unable to  find  a contractor w illin g  to  drive 
the new tunnel* He put h is  a s s is ta n t, J  H Greathead, in  charge of the work.
A small sh ie ld  1 *45 m (4 f t  9 in ) long, 2,2 m (7 f t  3 in ) diameter a t  the t a i l  
and f la r in g  out s lig h tly  forward was designed by Greathead (according to  
Copperthwaite, 1905) to  the ideas embodied in  Barlow’s p a ten ts  of 1864 arid 
1868, I t  was advanced by s ix  screw jacks which reacted again st the 
l a s t  b u i l t  ring  of l in in g . The ring  was b u il t  w ithin a t a i l  p l a t e .forming 
the rearmost p a r t  o f the  sh ie ld , and a f te r  the  sh ield  had advanced a hand 
syringe was used to  in je c t  cement grout in to  the space behind the  lin ing*
The outside diameter of the cast iron  lin in g  i s  2,18 m (7 f t  1^/4 i n ) .  Each
ring  i s  46 cm (18 inches) wide and consists of th ree  long segments and a key
segment. The segments are of the new fam ilia r U-section* with flanges 
-  — , •
The reader who i s  not fam ilia r with cast iron  tunnel l in in g s  or the  nomen­
c la tu re  of th e ir  p a rts  may find  the  diagrams between page3 137 and 138 
h e lp fu l.
' r u n n i n g  c i r c U m f e r t m t i a l l y  w h i c h  a r e  2 9  m m  ( ^ / 8  i n c h )  t h i c k  a n d  7 . 6  c m  ( 3  i n )
n
d e e p  n o  t h a t  t h e  i n t e r n a l  d i a m e t e r  o f  t h e  r i n g  i 3  2 . 0 2  m  ( 6  f t  7 / 4  i n ) *
T h e  s k i n  o r  o u t e r m o s t  p a r t  b e t w e e n  t h e  f l a n g e s  i s  2 9  m m  ( ^ / O  i n c h )  t h i c k .
A t  t h e  c e n t r e  o f  e a c h  l o n g  s e g m e n t  t h e r e  i s  a  r i b  r u n n i n g  p a r a l l e l  t o  t h o  
a x i s  o f  t h e  t u n n e l  a n d  c o n n e c t i n g  t h e  t w o  c i r c u m f e r e n t i a l  f l a n g e s .  T h i s  
s u g g e s t s  t h a t  t h e  c i r c u m f e r e n t i a l  f l a n g e  h a d  t o  w i t h s t a n d  t h o  r e a c t i o n  f r o m  
t h e  s h i e l d  s c r e w  j a c k s  ( s e e  l a t e r  w h e n  t h e  l i n i n g  o f  t h e  C i t y  a n d  S o u t h  L o n d o n  
R a i l w a y  i s  d i s c u s s e d ) .  T h e  c r o s s  f l a n g e s  a r e  d e e p e r  t h a n  t h e  o t h e r s ,  b e i n g  
1 0  c m  ( 4  i n )  d e e p  a n d  2 . 4  c m  i n c h )  t h i c k .  E a c h  h a s  t w o  h o l e s  b y  w h i c h
n e i g h b o u r i n g  s e g m e n t s  i n  a  r i n g  w e r e  b o l t e d  t o g e t h e r .  T h e  j o i n t  b e t w e e n  
a d j a c e n t  r i n g s  w a s  m a d e  b y  1 . 9  c m  i?/U  i n c h )  b o l t s  a t  4 8  c m  ( 1 9  i n )  c e n t r e s .
I n  o r d e r  t o  r e t a i n  t h e  c e m e n t  g r o u t  a  r o p e  w a s  p l a c e d  b e h i n d  t h o s e  b o l t s  
b e f o r e  t h e  j o i n t  w a s  m a d e .  I t  i s  p r o b a b l e  t h a t  t h e  c r o s s  j o i n t s  w e r e  m a d e  
w i t h  m e t a l  t o  m e t a l  c o n t a c t .
T h e  4 1 0  m  ( 1 3 5 0  f t )  l o n g  t u n n e l  w a s  c o m p l e t e d  i n  l e s s  t h a n  a - y e a r ,  a ' m a x i m u m  
a d v a n c e  o f  2 , 7 5  m  ( 9  f t )  w a s  m a d e  i n  a  24 - h o u r  d a y  w o r k e d  i n  t h r e e  s h i f t s  o f  
8  h o u r s  ( G r e a t h e a d ,  1 8 9 5 ) .  ' F o r  a  s m a l l  t u n n e l  a n d  s o l i d  L o n d o n  C l a y ,  i i r u n e l ? s  
o r i g i n a l  i d e a  o f  u s i n g  a  c i r c u l a r  s h i e l d  w i t h  a  c a s t  i r o n  l i n i n g  h a d  n o w  
b e e n  s h o w n  t o  b e  a  f a s t  a n d  s a f e  w a y  o f  t u n n e l l i n g .
T h e  s h a f t s ,  1 8 . 3  m  ( 6 0  f t )  d e e p  a t  T o w e r  H i l l  a n d  1 5 * 3  m  ( 5 0  f t )  d e e p  a t  
V i n e  G t r e e t  a r e  3 . 1  m  ( 1 0  f t )  i n  d i a m e t e r .  I n * 1 8 6 9  t h e y  c o n t a i n e d  s t e a m  
d r i v e n  l i f t s .  O n e  c a b l e  h a u l e d  a  c a r  r u n n i n g  o n  a  0 . 9 3  m  ( 2  f t  6  i n )  t r a m  
t r a c k  c o n v e y e d  t h e  p a s s e n g e r s  b e t w e e n  t h e  s h a f t s .  T h e  d e e p e s t  p o i n t  w a s  a t  
t h e  c e n t r e  o f  t h e  t u n n e l  s o  t h a t  a c c e l e r a t i o n  o f  t h e  c a r  w a s  a s s i s t e d  b y  
g r a v i t y *  T h e  t o t a l  j o u r n e y  t i m e  w a s  . 3  m i n u t e s .
33
A l t h o u g h  t h e  T o w e r  S u b w a y  w a s  a n  e n g i n e e r i n g  s u c c e s s  a n d  t h e  p o t e n t i a l  s p e e d  
a n d  c l e a n l i n e s s  o f  t h e  m e t h o d  o f  t r a n s p o r t  h a d  b e e n  d e m o n s t r a t e d ,  t h e  p r o j e c t  
f o u n d e r e d  o n  t h e  l a c k  o f  c a p a c i t y  a n d  c o m f o r t  o f  t h e  c a r *  I t  w a s  a c c o r d i n g
t o  t h o  I l l u s t r a t e d ' . L o n d o n ' N e w s *  . . . . . . . . . . . . . . . . . •  •  ! a  l i g h t  i r o n  o m n i b u s  1 0 . V  f t  l o n g ,
5  f t  3  i n  w i d e  a n d  5  f t " 1 1  i n  h i g h *  T h i s  w i l l  a c c o m m o d a t e  f o u r t e e n  p e o p l e  
w i t h  t h o  m o s t  p e r f e c t  e a s e 1 .  A f t e r  a  f e w  m o n t h  t h e  l i f t s  a n d  t r a m w a y  w o r e  
r e m o v e d  a n d  t h e  t u n n e l  w a s  u s e d  a s  a  f o o t w a y  u n t i l  1 8 9 4  w h e n  T o w e r  B r i d g e  w a s  
o p e n e d - a n d - t h e  L o n d o n  H y d r a u l i c  P o w e r . . - C o m p a n y  b o u g h t  t h e  t u n n e l *
C l e a r l y  t h e  n e x t  s t e p  w a s  t o  t r y  a g a i n  w i t h  l a r g e  e n o u g h  v e h i c l e s  i n  a  l a r g e  
e n o u g h  t u n n e l .  I n  1 8 7 0  h e  o b t a i n e d  a n  A c t  f o r  t h e  S o u t h w a r k  a n d  C i t y  S u b w a y  
a n d  a  c o m p a n y  w a s  f o r m e d  i n  1 8 7 1 *  C r a w f o r d  B a r l o w  ( i n  G r e a t h e a d ,  1 8 9 3 ,  
d i s c u s s i o n  p  7 7 )  s a i d  t h a t  t h i s  c o m p a n y * s  p r o s p e c t u s  s t a t e d  t h a t  t h e  t u n n e l s  
w o u l d  b e  3 0  p e r  c e n t  l a r g e r  t h a n  t h a t  o f  t h e  T o w e r  s u b w a y  a n d  t h a t  t h e  r o u t e  
■ ' w o u l d . ' b p  p r a c t i c a l l y  t h e  s a m e  a s  t h a t  l a t e r  t o  b e  t a k e n . b y  t h e  C i t y  a n d  S o u t h  
L o n d o n  R a i l w a y .  T h e  c o m p a n y  h o w e v e r  c o u l d  n o t  b e  f i n a n c e d  a n d  i n  1 8 7 3 . a n  
A c t  o f  a b a n d o n m e n t  w a s  o b t a i n e d .
2 . 3 * 5  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y
I n  1 8 8 / , .  J  I I  G r e a t h e a d  w a s  a p p o i n t e d  e n g i n e e r  t o  a  n e w - . r a i l w a y  c o m p a n y .  I t s  
c o n s u l t a n t s  w o r e  S i r  B e n j a m i n  B a k e r  a n d  S i r  J o h n  F o w l e r  ( o f  t h e  M e t r o p o l i t a n  
R a i l w a y )  •  I t  w a s  f i r s t  k n o w n  a 3  t h e  C i t y  o f  L o n d o n  a n d  S o u t h w a r k  S u b w a y  
C o m p a n y ,  b u t  l a t e r  b e c a m e  t h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  C o m p a n y .
T h e  n e w ' l i n e  w a s ’ t o  h a v e  t w i n  i r o n  t u n n e l s  b o r e d  b y  s h i e l d  a t  a  d e e p  l e v e l  
a n d  i n c o r p o r a t i n g  m o s t  o f  P  U  B a r l o w *  s  i d e a s  s u c h  a s  u p g r a d e s  t o  t h e  s t a t i o n s ,  
c a b l e  t r a c t i o n . a n d  l i f t s *
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T h o  t e r m i n i . w e r e  t o  b e  i n  K i n g  W i l l i a m  S t r e e t  n e a r  t h o  M o n u m e n t  n o r t h  o f  
t h e  T h a m e s  a n d  a t  t h e  E l e p h a n t  a n d  C a s t l e  s o u t h  o f  t h e  r i v e r *  i 3 e f o r e  - t h e  
■ r a i l w a y . - w a s - o p e n e d  t h i s  s o - c a l l e d  ’ C i t y  s e c t i o n ’  w a s  e x t e n d e d  s o u t h w a r d - t o  
S t o c k w e ' l l  a n d  e l e c t r i c  l o c o m o t i v e s  h a d  r e p l a c e d  c a b l e  h a u l a g e *
T h e  r o u t e  r a n  u n d e r  t h e  s t r e e t s  t o  a v o i d  t h e  p u r c h a s e  o f  p r o p e r t y  o r  e a s e ­
m e n t s *  T h e  o n e  e a s e m e n t  t h a t  w a s  o b t a i n e d  w a s  p u r c h a s e d  f o r  £ 3 0 0 0  b e f o r e  
t h e  A c t  w a s  a p p l i e d  f o r ,  t h e  l e n g t h  o f  r a i l w a y  i n v o l v e d  w a s  a b o u t  4 5  m  ( 5 0  
y a r d s ) •  - T h e  " C i t y  o f  L o n d o n  a n d  S o u t h w a r k  S u b w a y  A c t  o f  1 8 8 4  c o n t a i n e d  a  
c l a u s e  t h a t  ’ t h e  c o m p a n y  m a y  e n t e r  o n ,  t a k e ,  a n d  u s e  t h o  s u b s o i l ’ .  T h i s  d i d  
n o t  g i v e  t h e  c o m p a n y  t h e  r i g h t  t o  t u n n e l  a n y w h e r e  b e c a u s e  a n y  o w n e r  o f  
p r o p e r t y  o r  l a n d  a f f e c t e d  c o u l d  b r i n g  a n  i n j u n c t i o n  t o  c i r c u m v e n t  i t  o r  m a k e
•K ' '
a  c l a i m  f o r  t h e  u s e  o f  l a n d  o r  d a m a g e  t o  b u i l d i n g s .  H o w e v e r ,  i t  i s .  
d i f f i c u l t  f o r  t h e  o f f e n d e d  p a r t y  t o  p r o v e  e n t i t l e m e n t  t o  l a n d  f o r m i n g  p a r t  
o f  a  l o n g - e s t a b l i s h e d  s t r e e t ,  s o  t h a t  i n  f a c t  n o  c l a i m s  f o r  r i g h t s  t o  s u b s o i l  
w e r e  m a d e .  N e v e r t h e l e s s ,  t h e  M e t r o p o l i t a n  R a i l w a y ,  w h e n  . t u n n e l l i n g ’- a l o n g ' t h e  
M a r y l e b o n o  R o a d  h a d  h a d  t o  r e c o m p e n s e  s o m e  o c c u p i e r s  o f  a d j o i n i n g  p r o p e r t y .
T h e  p e n a l t i e s  t h a t  h a d  t o  b e  p a i d  f o r  t h i s  s t r a t e g e m  w e r e  c u r v e s  a s  s h a r p  a s  
t h o s e  i n  s t r e e t s  l a i d  o u t  f o r  h o r s e - d r a w n  t r a f f i c  ( e g  u n d e r  A r t h u r  S t r e e t  
n e a r  t l i e  C i t y  t e r m i n u s )  a n d  s t e e p  g r a d i e n t s  w h e r e  t h e  t w i n  t u n n e l s  c h a n g e d  
f r o m  b e i n g  s i d e  b y  s i d e  t o  b e i n g  o n e  o v e r  t h e  o t h e r  u n d e r  v e r y  n a r r o w  s t r e e t s .  
S u c h  a  s t r e e t  ' - w a s  S w a n  L a n e  l e a d i n g  d o w n  t o  t h e  r i v e r  f r o m  A r t h u r  S t r e e t ,  
b e t w e e n  t h e s e  i t  w a s  n e c e s s a r y  t o  h a v o  a  r i s i n g  g r a d i e n t  o f  1  i n  4 0  i n  o n e  
t u n n e l  a n d  a  f a l l  o f  1  i n  1 4  i n  t h e  o t h e r .
^ N o t h i n g  i n  t h i s  A c t  c o n t a i n e d  n o r  a n y  d e a l i n g  w i t h  l a n d s  i n  p u r s u a n c e  o f  
t h i s  A c t  s h a l l  r e l i e v e  t h e  c o m p a n y  f r o m  l i a b i l i t y  f r o m  c o m p e n s a t i o n  u n d e r  
t h o  6 8 t h  s e c t i o n  o f  t h e  L a n d s  C l a u s e s  C o n s o l i d a t i o n  A c t  1 8 4 5  o r  u n d e r  a n y  
o t h e r  e n a c t m e n t 1 .
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T h o  l i n i n g  u n o d  o n  t h e  C i t y  s e c t i o n  w a s  3 * 1 3  m  ( 1 0  f t  2  i n s )  i n t e r n a l  
d i a m e t e r  a n d  e a c h  r i n g  c o n s i s t e d  o f  s i x  l o n g  s e g m e n t s  a n d  a  k e y  p i e c e .  T h e  
f o u r  l o w e r  s e g m e n t s  w e r e  i d e n t i c a l ,  w i t h  r a d i a l  c r o s s  j o i n t s *  T h e  t w o  
’ t o p ’  s e g m e n t s  h a d  r a d i a l  c r o s s  j o i n t s  w h e r e  t h e y  m e t  t h e  o t h e r  l o n g  s e g m e n t s  
a t  s h o u l d e r  l e v e l ;  b u t  a t  t h e  c r o w n  e n d  t h e  a n g l e  b e t w e e n  t h e  c r o s s  f l a n g e  
a n d  t h e  a k i n  w a s  l e s s  t h a n  9 0 ° •  T h i s  e n a b l e d  e a c h  t o p  s e g m e n t  t o  m a t e  
w i t h  t h e  p a r a l l e l  s i d e s  o f  t h e  s h o r t  k e y  s e g m e n t .  T h e  l i n i n g  o f  t h e  
e x t e n s i o n  t o  C t o c k w e l l  w a s  3 . 2  m  ( 1 0  f t  6 i n s )  i n t e r n a l  d i a m e t e r .  T h e  
l e n g t h s  o f  t h e  s m a l l e r  r i n g  w a s  4-8 c m  (19  i n c h e s )  a n d  o f  t h e  l a r g e r  3 1  c m  
( 2 0  i n c h e s ) .  D o t h  h a d  f l a n g e s  o f  1 1 * 4  c m  ( / ^  i n s )  t o t a l ' d e p t h *  T h e  s k i n  
w a s  2 . 5  c m  ( 1  i n c h )  t h i c k  o n  t h e  C i t y  s e c t i o n ,  b u t  a  l i t t l e  t h i n n e r  o n  t h e  
e x t e n s i o n .
T h e  c r o s s  j o i n t  w a s  m a d e  w i t h  t h r e e  b o l t s .  T h e  c i r c u m f e r e n t i a l  j o i n t  b e t w e e n
i
s u c c e s s i v e  r i n g s  w a s  m a d e  w i t h  4 7  b o l t s  a t  2 1  c m  (8  / 8  i n s )  c e n t r e s .  D y  
k e e p i n g  t h e  c e n t r e s  o f  t h e  h o l e s  t h e  s a m e  a r o u n d  t h e  c i r c u m f e r e n c e  t h e  
a d j a c e n t  r i n g  c o u l d  b e  r o l l e d  s o  t h a t  t h e  c r o s s  j o i n t s  w e r e  n o t  c o n t i n u o u s  
a n d  a  s t i f f e r  t u b e  c o u l d  b e  m a d e  w h e r e  t h i s  w a s  t h o u g h t  n e c e s s a r y ,  i e  t h e  
r i n g s  c o u l d  ’ b r e a k  j o i n t * .  T h e  ’ t o p *  s e g m e n t s  h a d  s e v e n  h o l e s  i n  e a c h  
c i r c u m f e r e n t i a l  f l a n g e  w h e r e a s  t h e  ' o r d i n a r y *  s e g m e n t s  h a d  e i g h t .  T h i s  
f a c i l i t a t e d  t h e i r  s e l e c t i o n , i n  t h e  d a r k .  T h i s  a r r a n g e m e n t  o f  j o i n t s  a n d  
b o l t s  h a s  p e r s i s t e d  i n  c a s t  i r o n  l i n i n g s  u n t i l  t h e  p r e s e n t  d a y .
T h e  m a n n e r  o f  s e a l i n g  t h e  c i r c u m f e r e n t i a l  j o i n t s  a g a i n s t  e x t e r n a l  w a t e r  
p r e s s u r e  i s  s h o w n  i n  F i g  1 0  t a k e n  f r o m  G r e a t h e a d * s  ( 1 8 9 5 )  p a p e r .  I t  w a s  
t h e  p r a c t i c e  w h e n  f i t t i n g  c a s t i n g s  t o g e t h e r  i n  t h e  e a r l y  d a y s  o f  m e c h a n i c a l  
e n g i n e e r i n g  t o  p r o v i d e  r a i s e d  f a c e s  c a l l e d  ' c h i p p i n g  f a c e s '  o r  ' c h i p p i n g  
e d g e s '  a t  t h e  p a r t s  w h e r e  a  g o o d  m e t a l  t o  m e t a l  f i t  w a s  r e q u i r e d .  T h u s
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C e m e n t  .
W o o d
H e m p  -
,v /j
W  l o o  & Ci t yC e m e n t
W o o d
g a p
H a m p s t e a d  tub eC e m e n t
W o o d
g a p
C ircumferential  . Radia l  or cross
'-i '
Fig. 10 .  J o in t s  o f  c a s t  iron tunnel l in ings ,  h a l f  full  s i ze
C/ft*- S  £
o n l y  t h e  r a i s e d - p a r t ' n e e d e d  t o  b e  f i n i s h e d  b y  t h e  l a b o r i o u s  p r o c e s s  o f
c h i p p i n g  t h e  i r o n  s m o o t h ,  i n s t e a d  o f  f i n i s h i n g  t h e  w h o l e  s u r f a c e *
G r e a t h e a d  s t a t e s  t h a t  a n  i n i t i a l  s e a l  w a s  p r o v i d e d  b y  a  r o p e  o f  t a r r e d  h e m p
p l a c e d  b e t w e e n - t h i s  c h i p p i n g  e d g e  a n d  t h e  b o l t s *  S u b s e q u e n t l y  s p a c e  b e t w e e n
k .
t h e  r o p e  a n d  t h e  t i p s  o f  t h e  f l a n g e s  w e r e  p o i n t e d  w i t h  M e d i n a  c e m e n t .  T h a t  
t h e  c i r c u m f e r e n t i a l  j o i n t s  o f  t h e  T o w e r  s u b w a y  w e r e  f i n i s h e d  i n  t h e  s a m e  w a y  
i s  c o n f i r m e d  b y  H a r d i n g  ( 1 9 4 - 5 )  w h o  e x a m i n e d  t h e  s e c t i o n  o f  t h e  s u b w a y  l i n i n g  
' w h i c h  w a s  c o l l a p s e d  b y  e n e m y  a c t i o n  i n  D e c e m b e r  1 9 4 - 0  a n d  s u b s e q u e n t l y  r e b u i l t  
b y  H a r d i n g  i n  l a r g e r  i r o n *
T h i s  m e t h o d  o f  c o n s t r u c t i o n  i s  s u i t a b l e  f o r  s t r a i g h t  l e n g t h s  o f  t u n n e l  b u t  
n o t  f o r  c u r v e s *  P a r t  o f  t h e  c u r v e  u n d e r  A r t h u r  S t r e e t  w a s  o f  o n l y  4 3  m  
( 1 4 0  f t )  r a d i u s .  G r e a t h e a d  s a i d  ( 1 8 9 5  d i s c u s s i o n  p  1 0 9 )  ' H o  s p e c i a l  
c a s t i n g s  w e r e  u s e d  i n  t h e  C i t y  a n d  S o u t h  L o n d o n  t u n n e l s  i n  d r i v i n g  r o u n d  
c u r v e s ,  t h e  d i f f e r e n c e  i n  l e n g t h  b e t w e e n  t h e  i n n e r  a n d  o u t e r  c i r c u m f e r e n c e s  
b e i n g  m a d e  u p  b y  f i l l i n g  i n  t h e  j o i n t s ' *  O n e  o f  G r e a t h e a d 1 s  e n g i n e e r s ,
M r  D a v i d  H a y ,  s t a t e d  ( 1 8 9 5  c o r r e s p o n d e n c e ,  p  1 1 9 )  ' H o  s p e c i a l  r i n g s  o f  c a s t  
i r o n  l i n i n g  h a d  b e e n  u s e d  f o r  t h e  c u r v e s ;  c o n s e q u e n t l y  i r o n  p a c k i n g s  h a d  
t o  b e  p l a c e d  b e t w e e n  t h e  r i n g s  t o  m a k e  t h e  j o i n t s  r a d i a t e  f r o m  t h e  c e n t r e  
p o i n t  o f  t h e  c u r v e 1 *  <
I r o n  p a c k i n g s  p l a c e d  b e t w e e n  t h e  c h i p p i n g  e d g e s  o f  a d j a c e n t  r i n g s  w o u l d  
t r a n s m i t  t h e  s h i e l d  t h r u s t  w i t h o u t  b e n d i n g  t h e  f l a n g e s *  G r e a t h e a d  a l s o  
d e s i g n e d  h i s  s h i e l d  r a m  s h o e s  t o  t h r u s t  o f  t h e  e d g e  o f  t h e  l i n i n g  r a t h e r  
t h a n  t h e  f l a n g e s  ( G r e a t h e a d ,  1 8 9 5 ,  p  5 9 ) *
a*
M e d i n a  c e m e n t  w a s  a  p o z z o l a n i c  c e m e n t  p r o d u c e d  b y  f i r i n g  t h e  a r g i l l a c e o u s  
l i m e s t o n e  w h i c h  o c c u r s  a s  ’ c l a y s t o n e s '  i n  t h e  L o n d o n  C l a y *  S p e c i a l l y  t h e  
t e r m  a p p l i e d  t o  c e m e n t  f r o m  t h o s e  c l a y s t o n e s  d r e d g e d  f r o m  t h e  S o l e n t .
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T h u s ,  a l t h o u g h  G r e a t h e a d  w a s  n o t  u s i n g  t h e  c h i p p i n g  f a c e s  i n  t h e  m a n n e r  i n  
w h i c h  t h e y w e r e  c o n v e n t i o n a l l y  u s e d  b e f o r e  t h e  i n v e n t i o n  o f  t h e  p o w e r  p l a n e r  
b y  W h i t w o r t h  i n  1 8 4 2 ,  h e  n e v e r t h e l e s s  r e t a i n e d  i t  i n  h i s  c a s t i n g s  f o r  t h r e e  
g o o d  r e a s o n s :
( 1 )  t o  p r o v i d e  a  l o c a t i o n  f o r  t h e  c i r c u m f e r e n t i a l  h e m p  s e a l ;
( 2 )  t o  a v o i d  b e n d i n g  t h e  f l a n g e s  b y  t h e  s h i e l d  t h r u s t ;  a n d
( 3 )  t o  k e e p  t h e  j o i n t  o p e n  f o r  p o i n t i n g #
T h e  a u t h o r  b e l i e v e s  t h a t  t h e  c r o s s  j o i n t s  o n  t h e  T o w e r  s u b w a y  h a d  c h i p p i n g  
e d g e s ,  a n d  t h a t  t h e  e x t r a  d e e p  j o i n t  w a s  f i l l e d  w i t h  i r o n  c e m e n t #  I t  i s  
d i f f i c u l t  t o  b e  s u r e  o f  t h i s  w i t h o u t  t a k i n g  a  s e g m e n t  o u t  b e c a u s e  t h e  i r o n  
i s  r u s t y  p a r t i c u l a r l y  a t  t h e  h e a d w a l l s  w h i c h  a r e  t h e  b e s t  v i e w i n g  p o i n t s  
( s e e  F i g  1 1 a ) #  T h r e e  s e g m e n t s  w i t h  t h e s e  c r o s s  j o i n t s  w o u l d  n o t  f o r m  a n  
u n s t a b l e  r i n g ,  b u t  m o r e  w o u l d #  H e n c e  G r e a t h e a d  w o u l d  h a v e  h a d  t o  r e - d e s i g n  
t h e  c r o s s  j o i n t s  f o r  h i s  r i n g  o f  s i x  s e g m e n t s #  I n  o r d e r  t o  e m p l o y  t h e  f u l l  
d e p t h  o f  t h e  a s - c a s t  i r o n  f l a n g e s ,  h e  c u s h i o n e d  t h e m  w i t h  w o o d  p a c k i n g #
T h i s  w o u l d  s t i l l  a l l o w  s o m e  a n g u l a r  m o v e m e n t  a t  t h e  j o i n t s ,  h e n c e  t h e  
p r o v i s i o n  f o r  b r e a k - j o i n t i n g  t h e  r i n g s #  A n o t h e r  a d v a n t a g e  o f  t h e  w o o d  
p a c k i n g  o f  t h e  c r o s s  j o i n t s  m a y  h a v e  b e e n  t h a t  t o l e r a n c e s  o n  t h e  c i r c u m f e r e n ­
t i a l  d i m e n s i o n s  o f  t h e  s e g m e n t s  w o u l d  n o t  h a v e  b e e n  g o o d #  C a s t i n g s  s h r i n k  
b y  v a r y i n g  a m o u n t s  i f  m e t a l l u r g i c a l  c o n t r o l  i s  p o o r #  S o m e t i m e s  t h e  w o o d  
p a c k i n g s  h a d  t o  b e  l e f t  o u t  o f  t h e  k e y  j o i n t s  ( C u r r y  a n d  J o n e s ,  1 9 2 7 ,  
d i s c u s s i o n  p  239 ) #
T w o  p l a i n  h o l e s  2 8 # 5  m m  . ( 1^/8  i n . )  d i a m e t e r  w e r e  c a s t  i n  e a c h  s e g m e n t  f o r  
t h e  i n j e c t i o n  o f  g r o u t  b e h i n d  t h e  l i n i n g #  G r e a t h e a d  w a s  d i s s a t i s f i e d  w i t h
* T h e  r e p a i r  t o  t h e  T o w e r  s u b w a y  h a d  t o  b e  d o n e  q u i c k l y  s o  t h a t  t h e r e  w a s  
l i t t l e  t i m e  t o  u s e  t h i s  o p p o r t u n i t y  t o  s t u d y  t h e  s t r u c t u r e #  A l s o  f e r r o u s  
m e t a l  w a s  i n  s h o r t  s u p p l y  s o  t h a t  n o  i r o n  w a s  k e p t #
3 8
Fig. 11a Tower Subway showing cross joints of
lining with probable filling of rust cement
Fig. l i b  Shaft tubbing a t  Stockwell sta tion showing 
fillets on both joint faces .
/»
t h o  h a n d  s y r i n g e  u s e d  T o r  g r o u t i n g  t h e  T o w e r  s u b w a y  b e c a u s e  t h e  l i m e  g r o u t
h a d  t o  b e  s o  t h i n  f o r  t h e  s y r i n g e  t h a t  i t  w a s  n o t  s t r o n g  e n o u g h  w h e n  p l a c e d
a n d  w h e n ' s e t .  A l s o  t h e  p r e s s u r e  a t t a i n a b l e  d i d  n o t  e n s u r e  t h a t  a l l  t h e
v o i d ' s  w e r e ' . a d e q u a t e l y  f i l l e d *  F o r  t h e  n e w  r a i l w a y  h e  i n v e n t e d  t h e  n o w  w e l l —
o
k n o w n  G r e a t h e a d  g r o u t i n g  p a n  w h i c h  c o u l d  s u p p l y  t h i c k  g r o u t  a t  6 3  k H / m ' ~
"2 *
( G O  l b / i n  ) .  H e  e x p e r i m e n t e d  w i t h  P o r t l a n d  a n d  M e d i n a  c e m e n t s  a s  w e l l  a s
b l u e  l i a s  l i m e  b u t ' c h o s e ' t h e  l a t t e r  b e c a u s e  i t  w a s  c h e a p , ■ ' e x p a n d e d  o n  s e t t i n g
a n d  b e c a u s e  h e  r e c o g n i s e d  t h a t  ’ t h e r e  i s  n o  o b j e c t  i n  h a v i n g  a  s h e l l  h a r d e r
t h a n  s o l i d  L o n d o n  C l a y ’ *
T h e  s e v e r a l  s h i e l d s  u s e d  o n  t h e  C i t y  a n d  S o u t h  L o n d o n  H a i l w a y  w e r e  s i m i l a r  
t o  t h a t  i l l u s t r a t e d  i n  F i g  1 2 .  T h i s  o n e  c o n s i s t e d  o f  a  c y l i n d e r  1 . 7 8  m
( 5  f t  1 1  i n s )  l o n g  m a d e  o f  s t e e l  p l a t e s .  T h i s  w a s  b o l t e d  t o  a  s t r o n g  r i n g  
o f  c a s t  i r o n  a t  t h e  f r o n t  e n d  w h i c h  c a r r i e d  a d j u s t a b l e  s t e e l  c u t t e r s .
T h e s e  c o u l d  b e  a r r a n g e d  s o  t h a t  t h e y  c u t  a  h o l e  l a r g e  e n o u g h  t o  c l e a r  t h e  
s t e e l  c y l i n d e r  f o l l o w i n g  t h e m ,  o r  t h e  p r o j e c t i o n  o f  t h i s  c y l i n d e r  i f  a  s h a r p  
c u r v e  W a s  b e i n g  d r i v e n .  T o  t h e  r e a r  o f  t h e  r i n g  w a s  b o l t e d  t h e  d i a p h r a g m  
o r  ’ f a c e ’ .  I r o n  c a s t i n g s  o n  t h e  e d g e  o f  t h e  d i a p h r a g m  s p r e a d  t h e  l o a d  f r o m  
t h e  s i x  s h i e l d  j a c k s .  T h e r e  w e r e  h a n d  p u m p e d  h y d r a u l i c  j a c k s .  T o  t h e i r  
r a m s  ’ w e r e  a t t a c h e d  l o n g  s h o o s  f o r  c a r r y i n g  t h e  p r e s s u r e  o n  t o  t h e  s o l i d  p a r t
o f  t h e  c a s t  i r o n  t u n n e l  l i n i n g  w i t h o u t  b r i n g i n g  a n y  b e n d i n g  s t r a i n s  u p o n
t h e  r a m s  o r  u n d u e  p r e s s u r e  o n  t h e  t u n n e l  f l a n g e s ’  ( G r e a t h e a d ,  1 8 9 5 ,  p  5 9 ) .  •
T h e  c e n t r e  o f  t h e  d i a p h r a g m  w a s  p r o v i d e d  w i t h  a  r e c t a n g u l a r  o p e n i n g  w h i c h
c a r r i e d  c h a n n e l s  a t  i t s  s i d e s  i n t o  w h i c h  t i m b e r s  c o u l d  b o  d r o p p e d  i f  w a t e r  
b e a r i n g  g r a v e l  w a s  m e t .
G r e a t h e a d  h a d  n o t  e n c o u n t e r e d  a n y  b u r i e d  c h a n n e l s  w h i l e  d r i v i n g  t h e  T o w e r  
s u b w a y  a l t h o u g h  t h e  p o s s i b i l i t y  o f  d e a l i n g  w i t h  t h i s  h a z a r d  b y  t h e  u s e  o f
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c o m p r e s s e d  a i r  w a s  e n v i G a g e d  i n  B a r l o w ’ s  c o m p a n y  p r o s p e c t u s .  E a r l y  i n  t h o  
c o n s t r u c t i o n  o f  t h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  w h i l e  d r i v i n g  n o r t h w a r d s  
f r o m  t h e  T h a m e s  a t  O l d  S w a n  P i e r  s h a f t  h e  r a n  o u t  o f  t h e  L o n d o n  C l a y  a f t e r  
5 5  m  ( 6 0  y a r d s ) .  A  l a r g e  v o l u m e  o f  w a t e r  f l o w e d  f r o m  t h e  e x p o s e d  g r a v e l .  
H o w e v e r ,  t h e  d o o r ,  w h i c h  h a d  b e e n  p r o v i d e d  w a s  q u i c k l y  c l o s e d  w i t h  t h e
t i m b e r s  k e p t  n e a r  b y  f o r  t h i s  c o n t i n g e n c y .  A  b r i c k  b u l k h e a d  a n d  a n  a i r l o c k
w o r e  t h e n  b u i l t  i n  t h e  t u n n e l  b e h i n d  t h e  s h i e l d  a n d  t h e  n e x t  4- 5*5 m  (50  y d s )  
w e r e  d r i v e n  i n  c o m p r e s s e d  a i r .
T h a t  h e  h a d  c o n s i d e r e d  B a r l o w ’ s  ( 1 8 6 8 )  c u r t a i n  o r  w a t e r  t r a p  u n n e c e s s a r y  i s  
b o r n e  o u t  b y  t h e  f a c t  t h a t  h e  h a d  a l r e a d y  ( G r e a t h e a d ,  1 8 7 4 - ,  a n d  1 8 7 5 ,  p  66 )  
d e s i g n e d  a n d  b u i l t  a  s h i e l d  w i t h  b o t h  a  w a t e r  t r a p  a n d  a n  a i r l o c k  b u i l t  i n t o  
i t .  . ' T h i s . w a s  i n t e n d e d  f o r ,  b u t  n o t  u s e d  i n ,  t h e  c h a l k  u n d e r  t h o  T h a m e s  a t  
W o o l w i c h *  I n  1 8 8 9  s u c h  a  s h i e l d  w a s  u s e d  u n d e r  t h e  M e r s e y .
D u r i n g  t h e  c o n s t r u c t i o n  o f  t h e  r e s t  o f  t h e  l i n e  o t h e r  l o o s e  w a t e r  b e a r i n g  
g r a v e l s  w e r e  t r a v e r s e d  i n  a  s i m i l a r  m a n n e r .  T h e  l a r g e s t  s e c t i o n ,  u n d e r  t h e
C l a p h a m  R o a d  n e f i r  i t s  i n t e r s e c t i o n  w i t h  t h e  p r e s e n t  S t o c k w e l l  P a r k  R o a d ,  w a s
1 8 3  m  ( 2 0 0  y d s )  w i d e  a n d  u n d e r  a  h e a d  o f  11 m  ( 3 5  f t )  o f  w a t e r .  T h i s  i s  
p r o b a b l y  a  c h a n n e l  a s s o c i a t e d  w i t h  t h e  r i v e r  E f f r a  w h i c h  i s  t h o u g h t  t o  h a v e  
f l o w e d  a l o n g  t h e  l i n e  o f  t h e  B r i x t o n  R o a d  4 - 0 0  m  (  / 4  m i l e )  t o  t h e  e a s t .  W h e n  
t h e  V i c t o r i a  L i n e  w a s  b u i l t  a  l a r g e r  a n d  m o r e  o p e n  t y p e  o f  s h i e l d  w a s  d r i v e n  
i n t o  t h e  s a m e  c h a n n e l ,  n o t  w i t h o u t  i n c i d e n t .
I n  w a t e r  b e a r i n g  g r o u n d  t h e  M e d i n a  c e m e n t  i n  t h e  c i r c u m f e r e n t i a l  j o i n t s  o f  
t h e  l i n i n g s  w a s  r e p l a c e d  b y  r u s t  c e m e n t ,  i r o n  f i l i n g s  w i t h  0.25  p e r  c e n t  o f  
a m m o n i u m  c l i l o r i d e  a d d e d .
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. T h e  m e t h o d  o f  w o r k i n g  " . t h e  s h i e l d  i n  t h e  c l a y  w a s  f i r s t  t o  d r i v e  a  s m a l l
t i m b e r e d  h e a d i n g  f o r  a b o u t  1 .8  m  (6  f t )  a h e a d  o f  t h e  f a c e  a n d  t h e n  t o
a d v a n c e  t h e  s h i e l d *  T h i s  r a t h e r  c u r i o u s  p r a c t i c e  s e e m s  t o  h a v e  b e e n
a d o p t e d  b e c a u s e  t h e r e  w a s  s o  l i t t l e  r o o m  a h e a d  o f  t h e  d i a p h r a g m  i n  w h i c h  t h e  
m i n e r s  c o u l d  w o r k *  T h e  c o n t r a c t o r s  w a n t e d  t o  u s e  t h e  s h i e l d  J a c k i n g  f o r c e s  
t o  a t t a c k  t h e  c l a y  b u t  G r e a t h e a d  d i d  n o t  w a n t  t o  r i s k  d i s t o r t i n g  t h e  s h i e l d *
A  c o m p r o m i s e  m e t h o d  o f . w o r k i n g  w a s  a d o p t e d  b y  a t t a c h i n g  a  n u m b e r  o f  ' w e d g e s  
o r  p i l e s '  a b o u t  0.6  m  ( 2  f t )  l o n g  t o  t h e  c u t t i n g  e d g e  o f  t h e  s h i e l d *  W h e n  
t h e  h e a d i n g  w a s  f a r  e n o u g h  a h e a d  t h e  r e a r m o s t  t i m b e r s  w e r e  l o o s e n e d  f o r  t h e  
l e n g t h  o f  o n e  r i n g *  ' W h e n " t h e  s h i e l d  w a s  a d v a n c e d  t h o  c l a y  b e t w e e n  t h e  
$  h e a d i n g  a n d  t h e  r i n g  o f  w e d g e s  w a s  b r o k e n  o f f *  G r e a t h e a d  c l a i m e d  t h a t  t h i s  
a v o i d e d  d a m a g i n g  t h e  s h i e l d  w h e n  m e e t i n g  b a n d s  o f  c l a y s t o n e s  a n d  t h a t  t w o  
s h i f t s  c o u l d  g a i n  4- m  (13  f t  4  i n s )  o r  e i g h t  r i n g s  p e r  d a y  o f  24  h o u r s ' w i t h
r e g u l a r i t y  ( G r e a t h e a d ,  1 8 9 5 ) ,  O n e  s u s p e c t s  t h a t  t h i s  m e t h o d  o f  w o r k i n g
t h e  s h i e l d  w o u l d  c a u s e  a n  u n n e c e s s a r i l y  l a r g e  s u b s i d e n c e .
L a r g e  i r o n  l i n i n g s  c a l l e d  t u b b i n g *  w e r e  u s e d  f o r  t h e  l i f t s h a f t s  a n d  s t a i r
s h a f t s .  T h e  f o r m e r  w h i c h  w e r e  a l s o  u s e d  a s  w o r k i n g  s h a f t s  a r e  7 * 7  m  (25  f t )  
i n t e r n a l  d i a m e t e r ,  t h e  r i n g s  a r e  1 * 2  m  ( 4  f t )  l o n g  a n d  c o n s i s t e d  o f  t w e l v e  
i d e n t i c a l  s e g m e n t s  w i t h  n o  k e y .  T h e  t u b b i n g s  f o r  t h e  s t a i r w a y  s h a f t s  a r e
4 * 6  m  ( 1 5  f t )  d i a m e t e r  a n d  a l s o  1 * 2  m  ( 4  f t )  l o n g ,  a l s o  c o n s i s t i n g  o f  t w e l v e
i d e n t i c a l  s e g m e n t s .  T h e y  h a v e  a  h a l f  i n c h  d e e p  c h i p p i n g  f a c e  o n  a l l  f o u r
e d g e s  ( F i g  1 1 b ) .  T h e  r i n g s  w e r e  b u i l t  o n  t h e  s u r f a c e  a n d  t h e  2 * 5  c m  ( 1  i n c h )
w i d e  j o i n t  w a s  c a u l k e d  i n  t h e  d r y .  T h e  b o t t o m  r i n g  i s  9 1  c m  ( 2  f t  6  i n s )
d e e p  a n d  i n s t e a d  o f  a  l o w e r  f l a n g e  h a s  t h e  s k i n  t h i c k n e s s  s o m e w h a t  i n c r e a s e d
P o s s i b l y  t h e y  w e r e  m a d e  f r o m  t h e  s a m e  p a t t e r n s  a s  c o l l i e r y  s h a f t  t u b b i n g s .  
M o o t  o f  t h e m  b e a r  n o  m a r k i n g ,  b u t  o n e  w a 3  f o u n d ,  a b o v e  o l d  b r i c k w o r k ,  m a r k e d  
' S t a n t o n ' .  T h i s  c o m p a n y ,  f i r s t  f o r m e d  i n  1 8 4 6 ,  a s s u m e d  t h i s  n a m e  i n  1 8 7 7  
( L e w i s  1 9 5 9 ) .  S t a n t o n  &  S t a v e l e y  c o u l d  o f f e r  n o  i n f o r m a t i o n .
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t o  f o r m  a  c u t t i n g  e d g e *  A  s h a f t  w a s  3u n k  a s  f a r  a s  t h e  c l a y  b y  w e i g h t i n g  
i t  w i t h  s p a r e  s e g m e n t s  a s  k e n t l e d g e *  O n c e  i n  t h e  c l a y  t h e  l o w e r  p a r t  o f  
t h e  s h a f t  - w a s  c o m p l e t e d  i n  b r i c k w o r k *
T h e  s t a t i o n  t u n n e l s  w e r e  o f  b r i c k ,  t h o s e  a t  t h e  i n t e r m e a d i a t e  s t a t i o n s  b e i n g  
6 . 1  m  ( 2 0  f t )  w i d e ,  4 * 9  m  ( 1 6 f t )  h i g h  a n d  0 * 9  m  ( 3  f t )  t h i c k  o f  ' C h r i s t m a s  
p u d d i n g 1 s e c t i o n *  T h e y  w e r e  a l l  i n  L o n d o n  C l a y  a n d  c o n s t r u c t e d  b y  t h e  
t r a d i t i o n a l  E n g l i s h  m e t h o d  i n  2 . 7 5  m  ( 9  f t )  l e n g t h s *  G r e a t h e a d  s t a t e s  t h a t  
s o m e  d i s t u r b a n c e  o f  t h e  s u r f a c e  w a s  c a u s e d  b y  t h e s e  b r i c k  t u n n e l s  b u t  n o t  
b y  t h e  i r o n  r u n n i n g  t u n n e l s *  S i n c e  t h e  s t a t i o n  t u n n e l s  w e r e  a l l  u n d e r  
s t r e e t s  p a v e d  w i t h  s m a l l  s t o n e  s e t t s  a n y  d i s t u r b a n c e  w o u l d  h a v e  t o  h a v e  b e e n  
s e v e r e  i n  o r d e r  t o  b e  n o t i c e d *  S i m i l a r l y ,  t h e  f a c t  t h a t  t h e  s u b s i d e n c e  d u e  
t o  - t h e  r u n n i n g  - t u n n e l s  w a s  n o t  n o t i c e d  i n  t h e  r o a d s  d o e s  n o t  m e a n  t h a t  
b u i l d i n g s  w o u l d  n o t  h a v e  b e e n  d a m a g e d  h a d  t h e  t u n n e l s  r u n  d i r e c t l y  u n d e r  
t h e m ,  o r  i n d e e d ,  w e r e  n o t  d a m a g e d  b y  t h e  t u n n e l s  u n d e r  t h e  r o a d s *
2 . 3 * 6  B l a c k w a l l  a n d  G r e e n w i c h
F o l l o w i n g  G r e a t h e a d 1 s  s u c c e s s f u l l y  t r a v e r s i n g  t h e  w a t e r  b e a r i n g  g r a v e l s  i n  
t h e  L o n d o n  C l a y ,  a t t e n t i o n  w a s  a g a i n  t u r n e d  t o  t h e  p o s s i b i l i t i e s  o f  c r o s s i n g  
t h e  T h a m e s  f u r t h e r  d o w n s t r e a m  w h e r e  i t  h a s  c u t  d e e p l y  i n t o  t h e  L o n d o n  C l a y .  
T h i s - w o u l d  l e a d  t o  m o r e  w a t e r p r o o f  l i n i n g s  w h i c h  i n  t u r n  w o u l d  i n f l u e n c e  t h e  
d e s i g n  o f  t h e  l i n i n g s  u s e d  i n  t h e  c l a y *
T w o  t u n n e l s  w e r e  d r i v e n  t h r o u g h  t h e  T h a m e s  g r a v e l s  w i t h i n  a  f e w  y e a r s ,  b o t h  
d e s i g n e d  b y  A  I I  B i n n i e  ( l a t e r  S i r  A l e x a n d e r )  f o r  t h e  n e w l y  f o r m e d  L o n d o n  
C o u n t y  C o u n c i l ,  B l a c k w a l l  b e t  w e e n  1 8 9 1  a n d  1 8 9 6  w i t h  S i r  B e n j a m i n  B a i t e r ' a n d .  
J  I I  G r e a t h e a d  a s  c o n s u l t a n t s ,  a n d  G r e e n w i c h  i n  1 8 9 9 *
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T h e  B l a c k w a l l  t u n n e l  o f  . w h i c h  0 * 9 5  k m  ( 4 7  c h a i n s  1 4  f t )  w e r e  d r i v e n  i n  c o m ­
p r e s s e d  a i r  a n d  l i n e d . w i t h  c a s t  i r o n  s e g m e n t s  c o n s i s t e d  o f  a  n u m b e r  o f  
s t r a i g h t  l e n g t h s  w i t h  c h a n g e s  o f  d i r e c t i o n  i n  b o t h  l i n e  a n d  l e v e l  a t  i n t e r ­
m e d i a t e  s h a f t s *  T h e  r e s u l t i n g  s h a r p  b e n d s  h a v e  n o w  b e e n  r a d i u s e d  o f f  t o  
a c c o m m o d a t e  t h e  l e s s  m a n o e u v r a b l e  v e h i c l e s  n o w  u s i n g  t h e  t u n n e l *
T h e  s h i e l d , . 8 * 4 4  m  ( 2 7  f t  8 i n s )  i n  d i a m e t e r  a n d  5 * 9 4  m  ( 1 9  f t  6 i n s )  l o n g ,
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w a s  d e s i g n e d  t o  B r u n e i 1 s  m o d e l  r a t h e r  t h a n  B a r l o w ' s *  I t  h a d  2 8  s h i e l d  r a m s  ,  
t w o  a i r t i g h t  d i a p h r a g m s  a n d  t h e  f a c e  w a s  c o n t r o l l e d  b y  a  n u m b e r  o f  h i n g e d  
s h u t t e r s  w o r k e d  b y  s c r e w  - j a c k s *  T h e  w o r k i n g  c o m p a r t m e n t  w a s  d i v i d e d  i n t o  
a  n u m b e r  o f  c e l l s  o n  t h r e e  l e v e l s *  I t  w a s  d e s i g n e d ,  b y  B  V I  H o i r  o n . b e h a l f  
o f  S i r  W e e t o h  P e a r s o n ,  t h e  c o n t r a c t o r *
T h e  c a s t  i r o n  s e g m e n t s  e a c h  o f  w h i c h  w e i g h  o v e r  a  t o n  w e r e  e r e c t e d  w i t h  t h e
a i d  o f  a  h y d r a u l i c  e r e c t i n g  a r m *  F o r  t h e  s h a l l o w  p a r t s  o f  t h e  t u n n e l  a
s o m e w h a t  l i g h t e r  l i n i n g  w a s  u s e d .  T h e  h e a v i e r  l i n i n g  ( F i g  8 )  h a s  a n  i n t e r n a l ,
d i a m e t e r ,  o f  7 . 6 2  m  ( 2 5  f t )  a n d  a n  e x t e r n a l  d i a m e t e r  o f  8 * 2 3  m  ( 2 7  f t ) .  E a c h
0*76 m  (2 f t  6 i n s )  l o n g  r i n g  c o n s i s t s  o f  14 s e g m e n t s  a n d  a  s o l i d  k e y  15 c m  
(6  . i n s )  w i d e .  T h e  s k i n  i s  $  c m  (2 i n s )  t h i c k  a n d  t h e  f l a n g e s  t a p e r  f r o m  
76 n m r  (3 i n s )  t o  5 7  m m  ( 2 1 / 4  i n s ) .  T h e  g r o u t  h o l e s - w e r e  t a p p e d  a n d  h a d  s c r e w  
p l u g s *  T h e  s e g m e n t s  w e r e  m a d e  b y  t h e  B r i t i s h  H y d r a u l i c  F o u n d r y  C o m p a n y  o f  
G l a s g o w  ( H a y  a n d  P i t z r n a u r i c e ,  1 8 9 7 ) *
I n  b o t h  c r o s s  j o i n t s  a n d  c i r c u m f e r e n t i a l  j o i n t s  t h e  b o l t s  w e r e  a r r a n g e d  i n  
t w o  r o w s ,  i n  t h e  c r o s s  j o i n t s  t h i s  c o n t r i b u t e d  t o  t h e  s t i f f n e s s  o f  t h e  l a r g e  
a n d  h e a v y  r i n g s .  T h e  d e f l e c t i o n  f r o m  a  t r u e  c i r c l e  o f  a  r i n g  i n  t h e  t a i l  
p l a t e  o f  t h o  s h i e l d  w a s  12 .7  c m  (5 i n s )  o r  1*5  p e r  c e n t  o f  t h e  d i a m e t e r .
L a t e r  i n c r e a s e d  t o  3 4  r a m s .
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A l l  f o u r  j o i n t  s u r f a c e s  o f  e a c h  s e g m e n t  w e r e  p l a n e d .  C a s t  i n t o  t h e  t i p  o f  
t h e  f l a n g e  w a s  a  r e b a t e  5 c m  (2 i n s )  w i d e  a n d  a b o u t  8 m m  ( V l 6 i n . )  b e l o w  
t h e  s u r f a c e  t o  b e  p l a n e d .  W h e n  t h e  j o i n t  w a s  m a d e  a n d  t h e  p l a n e d  s u r f a c e s  
m a t e d  t h e  t w o  r e b a t e s  f o r m e d  a  r o u g h - s u r f a c e d  g r o o v e  5 c m  (2 i n s )  d e e p  a n d  
a b o u t  12 m m  ( 4  i n . )  w i d e  i n  t h e .  s a m e  p l a n e  a s  t h e  j o i n t  a n d  o p e n  t o  t h e  i n s i d e  
o f  t h e  t u n n e l .  T h i s  w a s  c a l l e d  t h e  ’ c a u l k i n g  g r o o v e *  a n d  f i l l e d  w i t h  r u s t  
c e m e n t  a s  s o o n  a s  p o s s i b l e  i n  o r d e r  t o  c o n s e r v e  c o m p r e s s e d  a i r .  I n  t h e  
G r e e n w i c h ' , F o o t w a y - t u n n e l ,  t h e  b o t t o m  o f  t h e  g r o o v e  w a s  f i r s t  c a u l k e d  w i t h - l e a d  
w i r e  w h i c h  m u c h  e n h a n c e d  t h e  c h a n c e s  o f  t h e  c e m e n t  s e t t i n g  i n  a  w a t e r t i g h t  
c o n d i t i o n .  A l s o  a t  G r e e n w i c h  t h e  p l a n e d  s u r f a c e s  w e r e  s m e a r e d  w i t h  r e d  l e a d  
( C o p p e r t h w a i t e ,  1 9 0 2 ,  1 9 0 5 ) .
O f  t h e  1 1  k i n  ( 1 2 0 0 0  y d s )  o f  c a u l k e d  j o i n t s  i n  t h e  G r e e n w i c h  t u n n e l  o n l y  
t w e l v e  p o i n t s  n e e d e d  m a k i n g  g o o d  a f t e r  t h e  a i r  p r e s s u r e  w a s  r e d u c e d ;  t h e  
l e a k  r a t e  i s  o n l y  1 0 9 1  l i t r e  s / d a y  ( 24. O  g a l l o n s )  o r  0 . 1 0  l i t r e  s / m e t r e / d a y ,  o r  
0.16  p i n t s  p e r  y a r d / d a y ,  c o m p a r e d  w i t h  0.29  l i t r e s / m e t r e / d a y  ( 0 . 4 7  p i n t s  p e r  
y a r d  p e r  d a y ) ' a t  B l a c k w a l l  ( f r o m  q u a n t i t i e s  m e a s u r e d  i n  190 / +  -  3500  g a l l o n /  
d a y  o v e r  60,000  y a r d s  o f  j o i n t ) .
S u m m a r i s i n g :  t h e s e  i m p r e s s i v e  r e s u l t s  w e r e  o b t a i n e d  b e c a u s e :
( 1 )  t h e  t u n n e l  w a s  d e s i g n e d  i n  s t r a i g h t  l e n g t h s ;
( 2 )  t h e  s e g m e n t s  w e r e  a c c u r a t e l y  m a c h i n e d  t o  b u i l d  t h e s e  s t r a i g h t
l e n g t h s ;
( 3 )  t h e  s h i e l d  c o u l d  b e  s t e e r e d  a c c u r a t e l y  t o  m a k e  a  h o l e  t h a t  w a s
a l s o  s t r a i g h t .
2 . 3 , 7  T h e  U n d e r g r o u n d ,  L o n d o n e r s  a n d  P a r l i a m e n t
A  g r o a t . m a n y  m o r e  d e e p  u n d e r g r o u n d  r a i l w a y s  w e r e  t o  b e  b u i l t  o n  t h e  p a t t e r n ,  
o f  t h e  C i t y  a n d  S o u t h  L o n d o n  r a i l w a y .  A l t h o u g h  u l t i m a t e l y ,  t h i s  w a s  d u e  t o
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n e e d o  o f  t h e  p e o p l e  o f  L o n d o n  i t  w a s  d e s p i t e  r a t h e r  t h a n  b e c a u s e  o f  t h e  
p u b l i c  r e p r e s e n t a t i o n s  o f  t h e  L C C  t h a t  t h e  L o n d o n  U n d e r g r o u n d  s y s t e m  d e v e l o p e d *  
T h e  c u t  a n d  c o v e r  c o n s t r u c t i o n  o f  m o s t  o f  t h e  M e t r o p o l i t a n  a n d  M e t r o p o l i t a n  
D i s t r i c t  R a i l w a y s  h a d .  c a u s e d  c o n s i d e r a b l e  d i s r u p t i o n  a n d  a r o u s e d  s t i f f  
■ r e s i s t a n c e  f r o m  p r o p e r t y  o w n e r s  a n d  l e a s e h o l d e r s  a n d  p a r i s h  c o u n c i l s .  A t  
t h e  s a m e  t i m e  t h e  s t r e e t s  w e r e  b e c o m i n g  m o r e  c o n g e s t e d  a n d  b y  t h e  1 8 7 0 ' s  i t  
w a s  b e c o m i n g  b o t h  p o l i t i c a l l y  a n d  l o g i s t i c a l l y  i m p r a c t i c a l  t o  u s e  t h e  c u t  
a n d  c o v e r  m e t h o d  i n  L o n d o n .  O t h e r  e n g i n e e r i n g  s o l u t i o n s  w e r e  s o m e t i m e s  
p r e s e n t e d  ( o v e r h e a d ,  c o v e r e d  w a y s ,  i m m e r s e d  t u b e ,  a n d  e v e n  t h e  s h i e l d  m e t h o d )  
b u t  t h e  s c h e m e s  f a i l e d ,  u s u a l l y  b e c a u s e  t h e  B i l l  f a i l e d ,  b u t  s o m e t i m e s  
b e c a u s e  t h e  o p p o s i t i o n  r e s u l t e d  i n  c l a u s e s  b e i n g  i n c l u d e d  i n  t h e  A c t  w h i c h  
c r e a t e d  e n g i n e e r i n g  d i f f i c u l t i e s ;  i f  t h e s e  w e r e  s o l v e d  e x p e n s i v e l y  m o n e y  
■ w o u l d  b e  l o s t ,  i f  t h e y  w e r e  s o l v e d  i n g e n i o u s l y  i n v e s t o r s  b e c a m e  c a u t i o u s  
a n d  t h e .  m o n e y  w a s  n o t  a v a i l a b l e .  B y  n o  m e a n s  d i d  t h i s  d i f f i c u l t y  d i s a p p e a r ,  
o n c e  t h e  f i r s t  s u c c e s s f u l  r a i l w a y  w a s  e v e n t u a l l y  b u i l t .  T h a t  t h e  l o c a l  
p r o b l e m  o f  L o n d o n ' s  r a i l w a y s  w a s  d e a l t  w i t h  i n  a  r a t h e r ,  c u m b e r s o m e  w a y  b y  
o u r  n a t i o n a l  P a r l i j u n e n t  u n d e r  P r i v o . t e  B i l l  P r o c e d u r e  w a s  v i e w e d  w i t h  
d i s f a v o u r  b y  p r o g r e s s i v e  l o c a l  p o l i t i c i a n s  ,  c o m p l a c e n c y  o r  e v e n  c o m f o r t  b y  
r e a c t i o n a r y . - o n e s  a n d  a s  a  g a m b l e  b y  t h e  e n t r e p r e n e u r s *  ,
. S u c c e s s  i n  w i n n i n g  P a r l i a m e n t a r y  a p p r o v a l  f o r  t h e  f i r s t  t u b e  r a i l w a y  w a s ' d u e  
i n  p a r t  t o  a  j u d i c i o u s  c h o i c e  o f  r o u t e ,  b u t  a l s o  t o  G r e a t h e a d ' s  e f f e c t i v e n e s s  
w h e n  g i v i n g  e v i d e n c e  t o  t h e  C o m m i t t e e .  B r i e f e d  i n  t h i s  b y  B a k e r  a n d  F o w l e r  
a n d  w i t h  a  n a t u r a l  f l a i r  f o r  e x p o s i t i o n  o f  t e c h n i c a l  m a t t e r s  t o  a  l a y  
a u d i e n c e ,  h i s  f i r s t - h a n d  k n o w l e d g e ,  o f  t h e  s h i e l d  m e t h o d  c o u l d  b e  p u t  t o  f u l l
R e s u l t i n g  i n  1 9 0 2 ,  b y  d i n t  o f  p r e s s u r e  f r o m  t h e  L C C ,  i n  t h e  R o y a l  C o m m i s s i o n  
o n  L o n d o n  T r a f f i c  u n d e r  t h e  C h a i r m a n s h i p  o f  S i r  D a v i d  M i l l e r  B a r b o u r .  O n  
1 7  d u l y  1 9 0 3  i t  p r o d u c e d  a n  e i g h t  v o l u m e  r e p o r t  c o n t a i n i n g  m u c h  s o u n d  a n d  
w e l l  i n t c n t i o n c d  r e c o m m e n d a t i o n s .  U n f o r t u n a t e l y  t h e  p r a c t i c a l  e f f e c t  w a s  t h a t  
f o r  t h r e e  y e a r s  P a r l i a m e n t  w a s  r e l u c t a n t  t o  p a s s  a n y  L o n d o n  r a i l w a y  B i l l s .
T h i s  a c c o u n t s  f o r  t h e  p e r i o d  b e t w e e n  1 9 0 1  a n d  1 9 0 4  w h e n  o n l y  o n e  l i n e  w a s  
b u i l t  a n d  t h a t  b e t w e e n  1 9 0 6  a n d  1 9 0 8  w h e n  n i n e  s c h e m e s  w e r e  c o m p l e t e d .  B y  
n o w  t h e  c o m p e t i t i o n  o f  t h e  m o t o r b u s  w a s  b e g i n n i n g  t o  b e  f e l t *
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. u s e ' i n  a s s u a g i n g  d o u b t s  a s  t o  t h e  e n g i n e e r i n g  f e a s i b i l i t y  o f  t h e  s c h e m e  
a n d  i t s  p o t e n t i a l i t y  f o r  m i n i m u m  d i s r u p t i o n  o f  e v e r y d a y  a c t i v i t i e s .  H e  . 
. o v e r c a m e  t h e  C i t y ’ s  b a n  o n  c a r t a g e  o f  s p o i l  t h r o u g h  t h e  n a r r o w  c r o w d e d  
s t r e e t s  n e a r  t h e  T h a m e s  b y  ' s i n k i n g  w o r k i n g  s h a f t s  i n  t h e  r i v e r  i t s e l f #
F r o m  t h e s e  t h e  c l a y  w a s  t a k e n  d o w n  r i v e r  i n  b a r g e s .
U h e r e a s  o t h e r  s c h e m e s ,  i n c l u d i n g  B a r l o w ' s ,  h a v i n g  b e e n  e n a c t e d  f a i l e d  t h r o u g h  
l a c k  o f  c o n f i d e n c e  o f ' p o t e n t i a l  i n v e s t o r s .  H e r e  t h e  C i t y  a n d  S o u t h  L o n d o n  
w a s  f o r t u n a t e  i n  l e a v i n g  a  c h a i r m a n ,  C  G  M o t t ;  h e  h i m s e l f  p r o v i d e d  m u c h  o f  
t h e  c a p i t a l  a n d  w i t h - i t ,  o f  c o u r s e ,  f i n a n c i a l  c o n f i d e n c e .
A l t h o u g h  i t s  c i v i l ,  e l e c t r i c a l  a n d  m e c h a n i c a l -  e n g i n e e r i n g  w e r e  s a t i s f a c t o r y  a n d ;  
i t  w a s  s o o n  c a r r y i n g  l a r g e  n u m b e r  o f  p a s e r i g e r s ,  q u i c k l y  a n d  c h e a p l y ,  d a i l y  
t o  a n d  f r o m  t h e  o v e r c r o w d e d  C i t y ,  i t  d i d  n o t  p a y  i t s  p r o m o t e r s  l a r g e  
d i v i d e n d s .  T h i s  w a s  f o r e s e e n  b y  p r o m o t e r s  w h o  a p p l i e d  f o r  a n  A c t  f o r  a  
n e w  d e e p  u n d e r g r o u n d  r a i l w a y  f r o m  t h e  B a y s w a t e r  H o a d  t o  t h e  C i t y  e n d  o f  t h e  
C i t y  a n d  S o u t h  L o n d o n  R a i l w a y *  T h e  r e v e n u e  f r o m  t h i s  r o u t e  w o u l d  h a v e  b e e n  
m u c h  h i g h e r  b e c a u s e  t h e r e  w o u l d  h a v e  b e e n  t r a v e l l e r s  t h r o u g h o u t  t h e  d a y .
T h e  B i l l  w a s  v i g o r o u s l y  o p p o s e d  e s p e c i a l l y  b y  t h e  M e t r o p o l i t a n  R a i l w a y  
b e c a u s e  i t  c u t  a c r o s s  t h e  I n n e r  C i r c l e  a n d  P a r l i a m e n t  h a d  v i r t u a l l y  p r o m i s e d  
t h a t  n o  - r a i l w a y  w o u l d -  b e  b u i l t  w i t h i n  t h e  I n n e r  C i r c l e .  F r o m  t h e  p o i n t  o f  
v i e w  o f  l o c a l  a n d  n a t i o n a l  g o v e r n m e n t  i t  w o u l d  d o  l i t t l e  t o  r e l i e v e  o v e r ­
c r o w d i n g  i n  t h o  C i t y .  T h e  B i l l  w a s  p a s s e d  t h r o u g h  t h e  C o m m o n s  i n  M a y  1 8 9 0  
b u t .  w a s  r e j e c t e d  b y  t h e  L o r d s .  I t  r e a p p e a r e d  f o r  t h e  1 8 9 1  s e s s i o n  a s  t h e  
C e n t r a l .  L o n d o n  R a i l w a y  r u n n i n g  f r o m  S h e p h e r d s  B u s h  t o  C o r n h i l l ,  a n d  w i t h  a
* T h e  1 8 6 3  S e l e c t  C o m m i t t e e  o f  t h e  H o u s e  o f  L o r d s  o n  M e t r o p o l i t a n  C o m m u n i c a t i o n s  
e n d o r s e d  p r o p o s a l s  o f  t h e  1 8 / f 6  ' R o y a l  C o m m i s s i o n  o n  R a i l w a y  T e r m i n i  w i t h i n  
o r  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  M e t r o p l i s '  t o  k e e p  r a i l w a y ,  o u t  o f  t h e  
c e n t r e .  I n  I 864 a  J o i n t  S e l e c t  o f  b o t h  H o u s e s  o f  P a r l i a m e n t  a p p r o v e d  t h e  
r o u t e  o f  t h e  I n n e r  C i r c l e .
4.6
c o m m i t m e n t  t o  r u n  t h r e e  t r a i n s  e a c h  w a y ,  m o r n i n g  a n d  e v e n i n g  a t  a  1 d  f a r e  
f o r  t h e  w h o l e  d i s t a n c e  ( 1 6  m i l e s ) *  T h i s  v e r s i o n  g a i n e d  t h e  R o y a l  A s s e n t  
o n  5  A u g u s t  1 8 9 1 *
T h i s  P a r l i a m e n t o r y  v o l t e  f a c e  e n c o u r a g e d  a  n u m b e r  o f  p r o p o s a l s  f o r  t h e  1 8 9 2  
s e s s i o n  s o  t h a t  t h e  C o m m o n s  i n s t r u c t e d  t h a t  a  j o i n t  S e l e c t  C o m m i t t e e  o f  
b o t h  H o u s e s  o f  P a r l i a m e n t  s h o u l d  c o n s i d e r  t h e  b e s t  w a y  o f  d e a l i n g  w i t h  t h e s e  
s c h e m e s *  .
S i x  s c h e m e s  w e r e  c o n s i d e r e d ,  t w o  w e r e  f o r  a l t e r a t i o n s  o r  e x t e n s i o n  o f  
e x i s t i n g  p o w e r s  ( C e n t r a l  L o n d o n  R a i l w a y  a n d  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y ) ,  
t h r e e  f o r  u n d e r g r o u n d  r o u t e s  c o n n e c t e d  g e o g r a p h i c a l l y  a n d  a d m i n i s t r a t i v e l y  
w i t h  e x i s t i n g  s u r f a c e  r a i l w a y s  / " G r e a t  N o r t h e r n  a n d  C i t y  R a i l w a y  ( F i n s b u r y  
P a r k  t o  i i o o r g a t e ) ,  W a t e r l o o  a n d  C i t y  R a i l w a y  ( W a t e r l o o  t o  B a n k )  a n d  t h e  
’B a k e r  S t r e e t  a n d  W a t e r l o o  R a i l w a y _ 7 ;  a n d  o n e  n e w c o m e r  * *  a  H a m p s t e a d ,
S t  P a i i c r a s  a n d  C h a r i n g  C r o s s  R a i l w a y *
A l l  w e r e  r e g a r d e d  a s  u s e f u l  b y  t h e  c o m m i t t e e  a n d  w e r e  a p p r o v e d  a n d  b u i l t  
w i t h i n ,  a  f e w  y e a r s ,  i n c l u d i n g  t h e  l a s t  w h i c h  i n  a  s l i g h t l y  a l t e r e d  f o r m  
b e c a m e  t h e  C h a r i n g  C r o s s ,  E u s t o n  a n d  H a m p s t e a d  R a i l w a y *  - H o t  o n l y  d i d  t h e  
C o m m i t t e e  s t a t e  ' T h e y  a r e  r e q u i r e d  t o  r e l i e v e  t h e  o v e r g r o w n  p a s s e n g e r  t r a f f i c  
a l o n g  t h e  c h i e f  t h o r o u g h f a r e s ,  t o  p r o v i d e  f o r  t h e  n a t u r a l ' e x p a n s i o n  o f  
L o n d o n ,  a n d  t o  c h e c k  t h e  c o n g e s t i o n  o f  o u r  m e t r o p o l i t a n  p o p u l a t i o n  b y  
f a c i l i t a t i n g  c h e a p  c o m m u n i c a t i o n  o u t w a r d s  t o  a  c i r c u m f e r e n c e  w h i c h  t e n d s  
c o n s t a n t l y  t o  r e c e d e '  b u t  a l s o  a d d e d  ' M o r e  s u c h  l i n e s  o f  c o m m u n i c a t i o n  a r e  
r e q u i r e d  w i t h  e x i s t i n g  s u b u r b s ;  a n d  t h e r e  i 3  g r o v / i n g  n e e d  o f  t h e i r  e x t e n s i o n  
s t i l l  f u r t h e r  i n t o  t h e  c o u n t r y ' *  ( R e p o r t  o f  S e l e c t  C o m m i t t e e ,  p a r a g r a p h s  
8  a n d  9 * )
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A m o n g s t  t h e - w i t n e s s e s  w e r e  r e p r e s e n t a t i v e s  o f  t h e  C i t y  o f  L o n d o n ,  t h e  
L o n d o n  C o u n t y  C o u n c i l  a n d ,  o f  c o u r s e ,  J  I I  G r e a t h e a d ' w h o  w a s  c o n c e r n e d  w i t h  . 
a l l  s i x  s c h e m e s .  T h e  L C C  w i s h e d  t h e  s i z e  o f  t h e  t u n n e l s  t o  b e  s u f f i c i e n t  
t o  a l l o w  i n t e r c h a n g e  o f  t r a f f i c  w i t h  e x i s t i n g  r a i l w a y s .  I t  a l s o  s a i d  t h a t  
’ t h e  u n d e r g r o u n d  l i n e s  s h o u l d  n o t  f o l l o w  e x i s t i n g  s t r e e t s  b u t  g o  f r o m  p o i n t  
t o  p o i n t ,  t h e  d e p t h  b e l o w  t h e  s u r f a c e  b e i n g  s u c h  a s  t o  a v o i d  i n j u r y  o r  
i n c o n v e n i e n c e  t o  b u i l d i n g s  i n  t h e  l i n e  o f  t h e  r a i l w a y s ’  ( C r i p p s ,  I I  L  i n  
e v i d e n c e  p  3 9 3 ) •  L o r d  P o r t m a n ’ s  a g e n t  s p o k e  a g a i n s t  t h i s  p r o p o s a l .
G r e a t h e a d :  s t r o n g l y  o p p o s e d  t h e  L C G ’ s  f i r s t  p r o p o s a l  o n  t h e  g r o u n d s  t h a t  m a i n  
l i n e  s t o c k  w o u l d  r e q u i r e  l a r g e  t u n n e l s  b e c a u s e  o f  i t s  s i d e - h u n g  d o o r s  a n d  
t h i s  v i r t u a l l y  w a s t e d  s p a c e  w o u l d  b e  a n  u n n e c e s s a r y  e x p e n s e  f o r  a  p u r e l y  
l o c a l  u n d e r g r o u n d  r a i l w a y .
T h e  C o m m i t t e e  a c c e p t e d  G r e a t h e a d ’ s  v i e w ,  e x c e p t  i n  t h e  c a s e  o f  t h e  G r e a t  
R o r t h e r n  a n d  C i t y  R a i l w a y  w h o s e  D i l l  p r o p o s e d  a  d i a m e t e r  o f  A . 9  m  ( 1 6  f t ) ,  
t h e y  h o p e d  i t  w o u l d  l e a d  t o  a  t r a n s - M e t r o p o l i t a n  m a i n  l i n e  r a i l  l i n k  ( t h e  
’ W i d e n e d  L i n e s ’  r o u t e  i n v o l v e d  s h a r p  b e n d s  a n d  s t e e p  g r a d i e n t s ) .  A  s t a n d a r d  
d i a m e t e r  o f  3 . 3 6  m  ( 1 1  f t  6  i n s )  w a s  r e c o m m e n d e d  ( R e p o r t ,  p a r a g r a p h  1 6 ) .
W i t h  r e g a r d  t o  r o u t e s  t h e  C o m m i t t e e  w a s  u n a b l e  t o  d o  a n y t h i n g  b e t t e r  t h a n ' :  
e n d o r s e  G r e a t h e a d ’ s  a p p r o a c h  a s  e m b o d i e d  i n  t h e  t w o  p r e v i o u s  A c t s  a n d  t h e  
s i x  B i l l s  b e f o r e  t h e  C o m m i t t e e .  I t  r e p o r t e d  t h a t  i t  w a s  ' d e s i r a b l e - t h a t  
c o m p a n i e s  s h o u l d  b e  a l l o w e d  t o  a c q u i r e  a  w a y - l e a v e ,  i n s t e a d  o f  p u r c h a s i n g  
t h e  f r e e h o l d  o f  t h e  l a n d ,  s u b j e c t  t o  t h e  t e r m s  o f  t h e  L a n d s  C l a u s e s  A c t s  a s  
t o  c o m p e n s a t i o n ’ ( R e p o r t ,  p a r a g r a p h  1 4 )  •
' I n  t h e  c a s e  o f  p u b l i c  s t r e e t s  t h e  C o m m i t t e e  t h i n k  i t  e x p e d i e n t  t h a t  t h e  
c o m p a n i e s  s h o u l d  b e  e m p o w e r e d  t o  p a s s  u n d e r  t h e  s t r e e t s  a t  s u f f i c i e n t  d e p t h
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w i t h o u t  c o m p e n s a t i o n  f o r  t h o  w a y - l e a v e .  I n  c o n s i d e r a t i o n  o f  s u c h  f r e e  
p a s s a g e  t h e  C o m m i t t e e  a d v i s e  t h a t  t h e  c o m p a n i e s  s h o u l d  b e  p u t  u n d e r  
o b l i g a t i o n  t o  f u r n i s h  a n  a d e q u a t e  n u m b e r  o f  c h e a p  a n d  c o n v e n i e n t  t r a i n s ’ .  
( R e p o r t ,  p a r a g r a p h  1 5 . )
C o n s e q u e n t l y  i t  c o n t i n u e d  t o  b e  e x p e n s i v e  t o  t u n n e l  u n d e r  p r i v a t e  p r o p e r t y  
a n d  u n d e r g r o u n d  r a i l w a y s  c o n t i n u e d  t o  b e  b u i l t  w i t h  s h a r p  b e n d s  ( a s  l i t t l e  
a s  6 1  i n  ( 2 0 0  f t )  r a d i u s ) .
O n l y  a s  t h e  n e x t  t u b e  b o o m  o f  1 9 0 6 - 7  w a s  e n d i n g  a n d  t h e  p r o p e r t y  o w n e r s  w e r e  
b e c o m i n g  s u f f i c i e n t l y  c o n f i d e n t  t h a t  t h e  c o n s t r u c t i o n  a n d  o p e r a t i o n  o f  
u n d e r g r o u n d  r a i l w a y s  c o u l d  b e  c a r r i e d  o n  w i t h o u t  c a u s i n g  n u i s a n c e  d i d  t h e y  
s t a r t  t o  a l l o w  w a y - l e a v e s  a t  r e a s o n a b l e  c h a r g e s .
2 . 3 . 8  T h e  W a t e r l o o  a n d  C i t y  R a i l w a y
T h e  W a t e r l o o  a n d  C i t y  r a i l w a y  w a s  i n s t i g a t e d  b y  t h e  L o n d o n  a n d  S o u t h - v / e  s t e r n  
R a i l w a y  t o  l i n k  t h e i r  m a i n  l i n e  t e r m i n u s  w i t h  t h e  C i t y .  I t  r e m a i n s  t o d a y  
i n  m u c h  t h e  s o m e  f o r m  t h a t  i t  w a s  b u i l t ,  t w o  s t a t i o n s  c o n n e c t e d  b y  3 * 5  k m  
( 1  m i l e  46  c h a i n s )  o f  t w i n  t u n n e l .  T h e  e n g i n e e r s  t o  t h e  s u b s i d i a r y  r a i l w a y  
c o m p a n y  w e r e  J  H  G r e a t h e a d ,  W  R  G a l b r a i t h  a n d  R  F  C h u r c h .  A  y o u n g  e n g i n e e r  
f r o m  t h e  d r a w i n g  o f f i c e  o f  t h e  L S W R ,  H  H  D a l r y m p l e - H a y  w a s  a p p o i n t e d  a s
r e s i d e n t  e n g i n e e r .  T u n n e l l i n g  b e g a n  i n  1 8 9 4 -  a n d  t h e  l i n e  w a s  o p e n e d  i n
J u l y  1 8 9 8 .
A  l o n g  s e c t i o n . i s  u n d e r  Q u e e n  V i c t o r i a  S t r e e t  i n c l u d i n g  t h e  C i t y  s t a t i o n  
( n o w  . D a n k  S t a t i o n )  a n d  i t s  a s s o c i a t e d  l a r g e  c r o s s - o v e r  t u n n e l .  T h e  V / a t e r l o o  
t e r m i n u s  i s  u n d e r  L S W R  p r o p e r t y  a n d  t h e  r i v e r  i s  c r o s s e d  d i a g o n a l l y .  T o  
c o n n e c t  t h e s e  s e c t i o n s  r e q u i r e d  s o m e  c u r v e s  o f  1 0 0  i n  ( 5  c h a i n s )  r a d i u s .
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T h e  n o m i n a l  i n t e r n a l  d i a m e t e r  c h o s e n  f o r  t h e  r u n n i n g  t u n n e l  w a s  3 * 6 6  i n  
( 1 2  f t ) *  A n  a l l o w a n c e  f o r  ' w r i g g l e 1 ( f o r  c o n s e c u t i v e  r i n g s  n o t  b e i n g  b u i l t  
t r u l y  c o a x i a l l y )  o f  4 4  m m  ( 1 ^ / 4  i n c h )  b r o u g h t  t h i s  d i a m e t e r  u p  t o  3,70  m
( 1 2  f t  1 3 / , 4  i n s )  a n d  w i t h  a n  o u t s i d e  d i a m e t e r  o f  3 * 9 6  m  ( 1 3  f t  0  i n . )  g a v e
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a  f u l l  d e p t h  o f  f l a n g e  o f  1 3 0  m m  ( 5  / 8  i n s ) *  V / h e n  t h e  t u n n e l s  w e r e  
c o m p l e t e d  t h e  s p a c e  b e t w e e n  t h e  f l a n g e s  w a s  f i l l e d  w i t h  c o n c r e t e  i n  t h e  
e x p e c t a t i o n  o f  d e a d e n i n g  t h e  n o i s e *  I t  d i d  n o t  p r o v e  v e r y  e f f e c t i v e *  O n  
t h e  f i v e  c h a i n  c u r v e s ,  t o  a l l o w  c l e a r a n c e  f o r  t h e  c e n t r e  t h r o w  o f  t h e  c a r s ,
r i n g s  w i t h  a n  i n t e r n a l  d i a m e t e r  o f  3 * 8 8  m  ( 1 2  f t  9  i n s )  w e r e  u s e d .  T h e
r i n g s  o f  c a s t  i r o n  l i n i n g  w e r e  0 * 5 0 8  m  ( 2 0  i n s )  l o n g  a n d  m a d e  u p  o f  s e v e n  
s e g m e n t s  a n d  0.  k e y .  U n u s u a l l y  t h e  t o p  s e g m e n t s  h a d  t h e  s a m e  n u m b e r  o f  
b o l t h o l e s  a s  t h e  o r d i n a r y  s e g m e n t s ,  e i g h t ;  m a k i n g  5 7  b o l t s  b e t w e e n . e a c h  
r i n g *  T h e s e  w e r e  2 5  m m  ( 1  i n c h )  d i a m e t e r  a n d  f i t t e d  t h r o u g h  s l o t t e d  h o l e s  
e l o n g a t e d  c i r c u m f e r e n t i a l l y .  T h i s  m a y  h a v e  b e e n  b e c a u s e  G r e a t h e a d  a n d  
G a l b r a i t h  d i s a g r e e d  a b o u t  t h e  c r o s s  j o i n t s *  G r e a t h e a d  w i s h e d  t o  u s e  t h e  
w o o d  p a c k i n g  t h a t  h a d  b e e n  u s e d  o n  t h e  C i t y  a n d  S o u t h  L o n d o n  l i n i n g  w h i l e  
G a l b r a i t h  w a n t e d  t h e  p l a n e d  j o i n t s  t h a t  S i r  A l e x a n d e r  B i n n i e  h a d  u s e d  i n  
t h e  B l a c k w a l l  t u n n e l  ( D a l r y m p l e - H a y ,  1 8 9 9 *  d i s c u s s i o n  p  1 5 5 ) *  S l o t t e d  
h o l e s  w o u l d  h a v e  a l l o w e d  t h e  s a m e  c a s t i n g s  t o  b e  u s e d  w h e t h e r  t h e  c r o s s  j o i n t s  
w e r e  p l a n e d  o r  p a c k e d .  I n  t h e  e v e n t  t h e y  v / e r e  p l a n e d  a c r o s s  t h e  w h o l e  
d e p t h  f o r  U s e  i n  c l a y  ( s e e  F i g  1 0 ) *  A  c a u l k i n g  g r o o v e  w a s  m a c h i n e d  a s  w e l l  
i f  t h e  s e g m e n t s  w e r e  t o  b e  u s e d  i n  g r a v e l .
T h e  c i r c u m f e r e n t i a l  j o i n t s  w e r e  n o t  m a c h i n e d ,  e v e r y  j o i n t  h a d  c r o o s o t e d  
y e l l o w  p i n e  p a c k i n g s .  T h e  t h i c k n e s s  o f  t h e  p a c k i n g  w a s  v a r i e d  t o  a l l o w  f o r  
c u r v e s  i n  t h e  t u n n e l  a n d  f o r  i n a c c u r a c i e s  i n  d r i v i n g  t h e  t u n n e l .  I t  a p p e a r s  
t h a t  t h e  s h i e l d  v / a s  n o t  s t e e r e d  a s  a c c u r a t e l y  a s  h a d  b e e n  t h e  h a n d  j a c k e d  
s h i e l d s  u s e d  w i t h  a n  i r o n  p a c k e d  l i n i n g *  T h e  p a c k i n g s  c a m e  t o  w i t h i n  2 0  m m  
( 3 / 4  i n c h )  o f  t h e  f l a n g e  t i p s ,  t h e  r e m a i n i n g  s p a c e  v / a s  p o i n t e d  w i t h  c e m e n t
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i f  t h e  t u n n e l s  . w e r e  d r y #  I f  t h e y  w e r e  w e t  t h e  c i r c u m f e r e n t i a l  j o i n t  h a d  
a  1 9  m m  Q/h  i n c h )  d i a m e t e r  r u b b e r  c a r d  p l a c e d  b e t w e e n  t h e  b o l t s  a n d  t h e  
c h i p p i n g  f a c e  a n d  t h e  r e s t  o f  t h e  j o i n t  w a s  m a d e  u p  w i t h  r u s t  c e m e n t #  T h i s  
t e n d e d  t o  c a u s e  t h e  t u n n e l  t o  i n c l i n e  d o w n w a r d s ;  t h i s  d i f f i c u l t y  v / a s  o v e r ­
c o m e  b y  f i r s t  b u i l d i n g  t h e  t u n n e l  w i t h  h a r d w o o d  p a c k i n g  a n d  t h e n ,  b e f o r e  t h e  
a i r  p r e s s u r e  w a s  r e d u c e d ,  c u t t i n g  o u t  t h e  p a c k i n g  a n d  c a u l k i n g  w i t h  r u s t  
c e m e n t #
T h e s e  c h a n g e s  s o  f a r  f r o m  i m p r o v i n g  t h e  s y s t e m  w o r k e d  o u t  b y  B a r l o w  a n d  
G r e a t h e a d  w e r e  m o s t l y  r e t r o g r e s s i v e #  U n f o r t u n a t e l y  t h e y  h a v e  s u r v i v e d  u n t i l  
t o d a y  e x c e p t  t h a t  a s b e s t o s  c e m e n t  c a u l k i n g  c o m p o u n d  h a 3  b e e n  s u b s t i t u t e d  f o r  
r u s t  c e m e n t .  T w o  r e a s o n s  f o r  t h i s  a r e  t h e  e a r l y  d e a t h  o f  G r e a t h e a d  a n d  t h e  
' c o n s i d e r a b l e  i n f l u e n c e  o f  D a l r y m p l e - H a y  ,  w h o  w a s  e n g a g e d  i n  t h e  d e s i g n  a n d  
c o n s t r u c t i o n  o f  t h e  D a k e r l o o ,  t h e  H a m p s t e a d  a n d  t h e  P i c c a d i l l y  l i n e s .  I n  
1 9 0 2  h e  b e c a m e  c o n s u l t a n t  t o  t h e  L o n d o n  U n d e r g r o u n d  E l e c t r i c  R a i l w a y  a n d  
l a t e r  t o  i t s  s u c c e s s o r  t h e  L o n d o n  P a s s e n g e r  T r a n s p o r t  B o a r d #  i
D a l r y m p l e - H a y ' ( 1 8 9 9 *  d i s c u s s i o n  p  1 5 6 )  b e l i e v e d  t h a t  w o o d  p a c k i n g  i n  t h e  
c r o s s  j o i n t s  ' w a s  o n e  o f  t h e  p r i n c i p a l  c a u s e s  t h a t  t e n d e d  t o  p r o d u c e  s e t t l e ­
m e n t s 1 a l s o  t h a t ,  ' h i s  e x p e r i e n c e  e x t e n d i n g  o v e r  s o m e  f o u r . t o  f i v e  y e a r s  
s h o w e d  t h a t  t h e  f a c e  o f  t h e  c l a y  w a s  a b s o l u t e l y  i n e r t ,  i t  d i d  n o t  m o v e ' #  H i s  
a g r e e m e n t  w i t h  t h e  d e s i r a b i l i t y  o f  a  c a u l k i n g  g r o o v e  i n  p l a c e  o f  t h e  w o o d  i n  
t h e  c r o s s  j o i n t  b u t  a c c e p t a n c e  o f  s e v e r a l  l a y e r s  o f  w o o d  i n  t h e  c i r c u m f e r e n ­
t i a l  j o i n t  f o r  a  l i n i n g  i n  w a t e r  b e a r i n g  g r o u n d  i s  e q u a l l y  o d d .
A  s u m m a r y  o f  t h e  e f f e c t s  o f  t h e  c h a n g e s  m a d e  a t  t h i s  t i m e  a r e :
( A )  B a d  e f f e c t s  d u e  t o  c h a n g e s  t o  c i r c u m f e r e n t i a l  j o i n t .
w '
K n i g h t e d  i n  1 9 3 3
51
( i )  S h i e l d  t h r u s t  n o  l o n g e r  c a r r i e d  t h r o u g h  c h i p p i n g  e d g e s  
a n d  s k i n ;  i t  i s  n o w  a b l e  t o  b e n d  t h e  c i r c u m f e r e n t i a l
f l a n g e s .
( i i )  S t e e r i n g  o f  s h i e l d  p r e j u d i c e d  t y r  r e - a c t i n g  a g a i n s t  l a y e r s  
o f  s p r i n g y  w o o d e n  p a c k i n g .
( i i i )  P a c k i n g  h a s  t o  b e  r e m o v e d  t o  c a u l k .
( i v )  C a u l k i n g  o n l y  h e l d  b y  n a r r o w i n g  o f  g a p  b e t w e e n  r i n g s  d u e  t o  
c h i p p i n g  e d g e  a t  b a c k .
( v )  N e c e s s i t y  f o r  1 b l o c k  j o i n t 1 i n  c a u l k i n g  a t  c o r n e r  t o  b r i n g  
c a u l k i n g  a t  c h i p p i n g  e d g e  l e v e l  u p  t o  l e v e l  o f  c a u l k i n g  
g r o o v e  i n  c r o s s  j o i n t .
( B )  G a i n s  d u e  t o  c h a n g e s  i n  c i r c u m f e r e n t i a l  j o i n t .
( i )  C u r v e s  i n  t u n n e l  m a d e  w i t h o u t  s p e c i a l  s e g m e n t s ,
( i i )  B a d  s t e e r i n g  o f  s h i e l d  c a n  b e  c o r r e c t e d .
( i )  C i r c u m f e r e n t i a l  d i m e n s i o n s  o f  r i n g  d e t e r m i n e d  a t  f o u n d r y .
( E )  G a i n s  n o t  a c h i e v e d  b y  c h a n g e  o f  c r o s s  j o i n t .
( i )  E a s i e r  c a u l k i n g .
( i i )  S t i f f e r  r i n g .  T h i s  m a y  o r  m a y  n o t  b e  d e s i r a b l e .  T o  a c h i e v e  
i t  t h e  c r o s s  f l a n g e  w o u l d  h a v e  t o  b e  s t i f f e n e d  a s  w e l l  a s  
p l a n e d  a n d  t h e  b o l t i n g  a r r a n g e m e n t  w o u l d  n e e d  t o  b e  c h a n g e d .
( C )  B a d  e f f e c t s  d u e  t o  c h a n g e  t o  c r o s s  j o i n t .
( i )  B e n d i n g  m o m e n t s  i n  s e g m e n t s  d u e  t o  f o r m a t i o n  o f  
i r o n  t o  i r o n  e d g e  c o n t a c t s  ( s e e  S e c t i o n  3 * 3 * 5  
p a g e  1 5 2 ) .
( D )  G a i n s  d u e  t o  c h a n g e  o f  c r o s s  j o i n t .
52
T h e  s h i e l d s ' u s e d  f o r  m o s t  o f  t h e  w o r k  w e r e  o f  t h e  s a m e  d e s i g n  u s e d  f o r  t h e  
C i t y  a n d  S o u t h  L o n d o n - r a i l w a y ;  t h e  d i m e n s i o n s  w e r e  a  t o t a l  l e n g t h  o f  2 . 1 4  m  
( 7  f t )  a n d  a n  o u t s i d e  d i a m e t e r  o f  4 * 0 5  m  ( 1 3  f t  2  i n s )  f o r  t h e  3 * 7 2  m  ( 1 2  f t  
i 3 / / +  i n s )  t u n n e l *  T h e y  w e r e  a l s o  w o r k e d  i n  t h e  s a m e  w a y  w i t h  a  s q u a r e  
h e a d i n g  d r i v e n  a h e a d  o f  t h e  f a c e  i n  t h e  c l a y  a n d  a  c l o s e  p o l e d  r o u n d  h e a d i n g  
u s e d  w i t h - c o m p r e s s e d " a i r .  i n  t h e  b a l l a s t *  T h e  d i a m e t e r  o f  t h i s  w a s  g r e a t e r  
t h a n  t h e  s h i e l d  w h i c h  w a s  i n  f a c t  d r i v e n  t h r o u g h  i t *  T h e  g r a v e l  o u t s i d e  
t h e  p o l i n g  b o a r d s  w a s  g r o u t e d .  G r e a t h e a d  a d o p t e d  t h i s  p r o c e d u r e  o n  t h e  
C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  b e c a u s e  h e  d i d  n o t  w a n t  t h e  g r a v e l  t o  c o l l a p s e  
o n t o  t h e  l i n i n g  w h e n  t h e  s h i e l d  w a s  a d v a n c e d ,  t h u s  c a u s i n g  s e t t l e m e n t  a t  t h e  
{ s u r f a c e *  D a l r y r n p l e - H a y  h a d  b e e n  u s i n g  t h i s  t e c h n i q u e  f o r  s o m e  m o n t h s  b e f o r e  
h e  r e a c h e d  Y o r k  R o a d  w h e r e  t h e  r o u t e  p a s s e d  u n d e r  t h e  L C G  s e w e r  a n d  s o m e  
b u i l d i n g s *  F e a r i n g  t h a t  t h e  p o l i n g  b o a r d s  l e f t  i n  t h e  g r o u n d  w o u l d  r o t  a n d  
c a u s e  s u b s i d e n c e  l a t e r  h e  c o n t r i v e d  a  n e w  w a y  o f  t u n n e l l i n g  t h r o u g h  g r a v e l .
U n d e r - r i v e r  t u n n e l s  s u c h  a s  t h e  B l a c k w a l l  t u n n e l s  h a d  b e e n  d r i v e n  t h r o u g h  
b a l l a s t ,  w i t h o u t  a  h e a d i n g  a h e a d  o f  t h e  f a c e ,  a l l o w i n g  t h e  b a l l a s t  t o  f a l l  
b a c k  o n  t h e  l i n i n g ;  b u t  t h e  t h r u s t  n e c e s s a r y  t o  p u s h  t h e  c u t t i n g  e d g e  i n t o  
t h e  b a l l a s t  w a s  v e r y  h i g h .  T h e  2 8  2 0 . 7  c m  ( 8  i n s )  d i a m e t e r  r a n 3  o f  t h e  
B l a c k w a l l  t u n n e l  s h i e l d  d e v e l o p i n g  5 1 , 5 0 0  k N  ( 5 , 1 6 5  t o n s )  t h r u s t  h a d  h a d  t o  
b e  a u g m e n t e d  b y  t h e  a d d i t i o n  o f  s i x  m o r e .  T h i s  a c c o u n t s  f o r  t h e  v e r y  s u b ­
s t a n t i a l  l i n i n g  u s e d  f o r  t h e  G r e e n w i c h  f o o t w a y  t u n n e l .  S i n c e  t h e  s h i e l d  
a n d  l i n i n g  f o r  t h e  W a t e r l o o  a n d  C i t y  - h a d '  a l r e a d y  b e e n  m a d e ,  D  a i r  y m p l  e - H a y 1 s  
p r o b l e m  w a s  t o  a d a p t  t h e  s h i e l d  a n d  f i n d  a  m e t h o d  o f  w o r k i n g  t h a t  w o u l d  
p r e c l u d e  s u b s i d e n c e  y e t  r e q u i r e  n o  m o r e  s h i e l d  t h r u s t  t h a n  t h a t  n o r m a l l y  u s e d  
f o r  c l a y *  T h i s  v e r y  s u c c e s s f u l  s o l u t i o n  i s  k n o w n  a s  t h e  ' h o o d e d  s h i e l d  a n d  
c l a y - p o c k e t i n g  m e t h o d ’ .  S h i e l d s  m a d e  f o r  w o r k i n g  i n  L o n d o n  C l a y  n o w a d a y s  
u s u a l l y  h a v e  t h i s  h o o d .
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T h e  h o o d  . f i t t e d  t o  t h e  W a t e r l o o  a n d  C i t y  t u n n e l  s h i e l d  c o n s i s t e d  o f  a  p a r t  
c y l i n d e r  o f  r i v e t t e d  s t e e l  p l a t e s  6 . 3 5  c m  ( 2 - y -  i n s )  t h i c k  e x t e n d i n g  0 . 6 1  m  
( 2  f t )  f o r w a r d  o f  t h e  o r i g i n a l  c u t t i n g  e d g e  a n d  i t s e l f  a c t i n g  a s  a  c u t t i n g  
e d g e .  T h e  b o t t o m  s i x t h  o r  s o  o f  t h i s  e x t e n s i o n  w a s  c u t  b a c k  t o  t h e  
o r i g i n a l  c u t t i n g  e d g e .  I t  t h u s  f o r m e d  a  c h a m b e r  u n d e r  t h e  c o v e r  o f  w h i c h  
t h e  m i n e r s  c o u l d  w o r k  i n  s a f e t y .  W i t h o u t  t h e  h o o d  t h e  s p a c e  b e t w e e n  t h e  
' d i a p h r a g m  a n d  t h e  c u t t i n g  e d g e  w a s  o n l y  3 8  c m  ( 1 5  i n s )  l o n g *  B e c a u s e  t h e  
" l o w e s t ' p a r t  i s  n o t  e x t e n d e d  t h e  b a l l a s t  c a n  b e  e n t i r e l y  r e m o v e d  f r o m  t h e  
b o t t o m  p a r t  o f  t h e  i n v e r t  s o  t h a t  t h e  s h i e l d  c o u l d  a d v a n c e  e a s i l y  w i t h o u t  
f e a r  o f  b e i n g  d a m a g e d - b y " h i d d e n  b o u l d e r s  o r  c l a y s t o n e s *  R a d i a l  p r e s s u r e s  
o n  t h e  h o o d  a r e  t r a n s m i t t e d  b y  a  n u m b e r  o f  w e b s  o n t o  a  r i n g  g i r d e r  f i x e d  
i n s i d e  t h e  s k i n  a l l e a d  o f  t h e  d i a p h r a g m .
T h e  s h i e l d  v / a s  w o r k e d  b y  c l o s e  p o l i n g  a n d  g r o u t i n g  t h e  g r e a t e r  p a r t  o f  t h e
f a c e ,  w h i c h  v / a s  i n  t h e  p l a n e  o f  t h e  c u t t i n g  e d g e  o f  t h e  h o o d ,  b u t  t i m b e r i n g  
t h e  p e r i p h e r y  w i t h  s m a l l  e a s i l y  r e m o v a b l e  b o a r d s .  C o m m e n c i n g  a t  t h e  h i g h e s t  
p a r t  o f  t h e  f a c e  a  b o a r d  w a s  t a k e n  o u t  a n d  a  h o l e  3 0 - 3 8  c m s  ( 1 2  t o  1 5  i n s )  
w i d e  a n d  0 . 5 6  m  ( 2 2  i n s )  l o n g  w a s  r a k e d  o u t  o f  t h e  g r a v e l *  T h i 3  h o l e  w a s  
i m m e d i a t e l y  p l u g g e d  w i t h  s o f t  r e m o u l d e d  c l a y - w h i c h  t e n d e d  t o  b e  h e l d  i n  p l a c e  
b y .  t l i e  e s c a p i n g  a i r *  A  s i m i l a r  h o l e  w a s  m a d e  n e x t  t h e  p l u g g e d  o n e  a n d  t h e  
p r o c e s s  r e p e a t e d  u n t i l  a  r i n g  o f  c l a y  w i t h  a n  o u t s i d e  d i a m e t e r  s o m e  5  c m s  
( 2  i n s )  g r e a t e r  t h a n  t h e  s h i e l d  h a d  b e e n  b u i l t  u p *  W h e n  t h e  s h i e l d  v / a s  
a d v a n c e d  t h e  h o o d  b e c a m e  b u r i e d  i n  t h i s  r i n g  o f  s o f t  r e m o u l d e d  c l a y .  T h e
t i m b e r e d  f a c e  w a s  n o w  i n s i d e  t h e  h o o d  w h e r e  i t  c o u l d  s a f e l y  b e  s e t  f o r w a r d
r e a d y  f o r  t h e  n e x t  c y c l e  o f  t h e  o p e r a t i o n .  B e c a u s e  t h e  c l a y  a d h e r e d  t o  t h e  
b a l l a s t  m o r e  t h a n  t o  t h e  o u t s i d e  o f  t h e  s h i e l d  a  t u b e  o f  c l a y  w a s  f o r m e d  
o u t s i d e  t h e  s h i e l d  b y  s u c c e s s i v e  a d v a n c e s *  W h e n  t h i s  t u b e  o f  c l a y  v / a s  l e f t  
b e h i n d  t h e  t a i l  p l a t e  i t  f o r m e d  a  m e m b r a n e  w h i c h  r e t a i n e d  t h e  a i r  t o  t h a t  a  
p r e s s u r e  t o  h o l d  t h e  b a l l a s t  b a c k  w h i l e  t h e  s p a c e  w a s  g r o u t e d  w a s  a v a i l a b l e .
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P r o g r e s s  w i t h ' t h e  n e w  s y s t e m  w a s  1 8  r i n g s  p e r  w e e k  i n  a  f u l l  f a c e  o f  b a l l a s t  
c o m p a r e d  w i t h  1 2  t o  1 4  r i n g s  p e r . w e e k  u s i n g  t h e  c l o s e  p o l e d  g r o u t e d  h e a d i n g .  
I f  t h e  h o o d e d  s h i e l d  e n t e r e d  t h e  c l a y  i t s  p e r f o r m a n c e  i s  n o t  r e c o r d e d .
T h e  7 . 0 5  m  (23  f t )  i n t e r n a l  d i a m e t e r  t u n n e l s  f o r  t h e  C i t y  s t a t i o n  a n d  c r o s s ­
o v e r  w e r e  i n  L o n d o n  C l a y ,  c a s t  i r o n  l i n e d  a n d  s h i e l d  d r i v e n .  T h e  s h i e l d  
h a d  t w e n t y t w o  1 . 7 8  c m  ( 7  i n s )  d i a m e t e r  h y d r a u l i c  j a c k s  e q u a l l y  s p a c e d  a r o u n d  
t h e  s h i e l d .  T h e  H y d r a u l i c  P o w e r  C o m p a n y  s u p p l i e d  w a t e r  a t  5 * 2 0 0  k i v / m ^
( 7 5 0  l b / i n ~ )  w h i c h  w a s  i n c r e a s e d  t o  1 3 * 8 0 0  k N / m ^  ( 2 , 0 0 0  l b / i n ^ )  b y  h y d r a u l i c  
i n t e n s i f i e r  b e h i n d  t h e  s h i e l d .  B e c a u s e  o f  t h e  l a r g e  n u m b e r  o f  r a m s  t h e  
t h r e e  s t r a i g h t  t u n n e l s  w e r e  s t e e r e d  q u i t e  a c c u r a t e l y .  A s  a t  B l a c k w a l l  a  
h y d r a u l i c  s e g m e n t  e r e c t o r  w a s  u s e d *  N o  t i m b e r  h e a d i n g  w a s  u s e d ,  t h e  t u n n e l  
b e i n g  e x c a v a t e d  f u l l  f a c e .  T h i s  s h i e l d  w a s  3 » 0 5  m  ( 1 0  f t )  l o n g  s o  t h e r e  m a y  
h a v e  b e e n  m o r e  w o r k i n g  s p a c e  a t  t h e  f a c e  t h a n  i n  t h e  s m a l l e r  s h i e l d s .
D i s t u r b a n c e  o f  t h e  s u r f a c e  o v e r  s o m e  o f  t h e  t u n n e l s  t h r o u g h  t h e  c l a y  i s  
r e p o r t e d  b u t  t h e  s i z e  o f  t u n n e l  i s  n o t  m e n t i o n e d .  D e a c o n  ( 1 8 9 9 *  d i s c u s s i o n  
p  1 1 )  m e n t i o n s  c r a c k e d  b u i l d i n g s  a n d  M o i r  ( 1 8 9 9 *  d i s c u s s i o n  p  124 )  r e c o r d s  
t h a t  t h e  c u r b s t o n e s  i n  V i c t o r i a  S t r e e t  t i l t e d .  T h e r e  a r e  s e v e r a l  r e a s o n s  
w h y  s e t t l e m e n t  s h o u l d  h a v e  o c c u r r e d :
( 1 )  t h e  s h i e l d  w a s  n o t  u s e d  a s  B a r l o w  i n t e n d e d  i t  s h o u l d  b e ,  b u t  h a d  a  
h e a d i n g  d r i v e n  a h e a d  o f  i t  w h i c h  w a s  t h e n  c o l l a p s e d ;
( 2 )  o n  ■ s h a r p - b e n d s '  i t  w a s  n e c e s s a r y  t o  e x c a v a t e  u p  t o  t w o  i n c h e s  o f  
m a t e r i a l  a t  e i t h e r  s i d e  o f  t h e  c u t t i n g  e d g e  i n  o r d e r  t o  g e t  t h e  
s h i e l d  t o  t u r n ;
(3 ) i n  o r d e r  t o  n e g o t i a t e  t h e s e  t i g h t  b e n d s  t h e  c l e a r a n c e  b e t w e e n  t h e  
o u t s i d e  o f  t h e  l i n i n g  a n d  t h e  i n s i d e  o f  t h e  t a i l  p l a t e  w a s  l a r g e ;  
i n  c o m b i n a t i o n  w i t h  a  p o o r  s e a l  f o r  t h e  g r o u t  t h i s  c o u l d  h a v e  
r e s u l t e d  i n  t h e  s y s t e m  b e i n g  l e s s  e f f e c t i v e  t h a n  i n t e n d e d .
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2 * 3 * 9  T h e  C e n t r a l  L o n d o n  R a i l w a y
I n  i t s  f i n a l  v e r s i o n  t h e  A c t  f o r  t h e  C e n t r a l  L o n d o n  R a i l w a y  v / a s  f o r  a  9 * 3  k m  
( 5  m i l e s - 6  - f u r l o n g s )  l o n g  l i n e  o f  3 * 5 0  m  ( 1 1  f t  6  i n s )  d i a m e t e r  t w i n  t u n n e l  
r u n n i n g  f r o m  S e h p h e r d s  B u s h  t o  B a n k *  T h e r e  w e r e  e l e v e n  i n t e r m e d i a t e  
s t a t i o n s  a n d  t h e  B a n k  s t a t i o n  v / a s  t o  b e  s e p a r a t e  f r o m  t h e  C i t y  s t a t i o n  o f  
t h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y *  T h e  t u n n e l s  a r e  d e e p ,  b e t w e e n  1 8  a n d  
3 3 * 3  m  ( 6 0  a n d  1 1 0  f t ) *  T h e y  a r e  a l m o s t  e n t i r e l y  i n  t h e  L o n d o n  C l a y ,  
' a l t h o u g h  . t h e  i n v e r t s  a r e  i n  t h e  W o o l w i c h  a n d  R e a d i n g  B e d s  b e t w e e n  B e r n e r s  
S t r e e t  a n d  R e d  L i o n  S t r e e t ,  H o l b o r n  ( E n g i n e e r i n g ,  1 8  M a r c h ' 1 8 9 8 ) *  T h e r e  w a s  
c l o y  b e n e a t h  t h e  F l e e t  D i t c h  b u t  c o m p r e s s e d  a i r  w a s  u s e d  s o  p r e s u m a b l y  i t  
h a d  s o f t e n e d *
T h e  e n g i n e e r s  v / e r e  J  I I  G r e a t h e a d  w i t h  S i r  J o h n  F o w l e r  a n d  S i r  B e n j a m i n  B a k e r  
o f  t h e  M e t r o p o l i t a n  R a i l w a y *  W h e n  G r e a t h e a d  d i e d  o n  2 1  O c t o b e r  1 8 9 6  h i s  
p l a c e  w a s  t a k e n  b y  B a s i l  M o t t  w h o  h a d  w o r k e d  w i t h  G r e a t h e a d  o n  t h e  C i t y  a n d  
S o u t h  L o n d o n ’ - r a i l w a y  a n d  w h o s e  u n c l e  w a s  i t s  c h a i r m a n .
T h e  r u n n i n g  t u n n e l s  w e r e  o f  n o m i n a l  d i a m e t e r  3 * 5 0  m  ( 1 1  f t  6  i n s ) ,  t h e  s i z e  
f a v o u r e d  b y  t h e  1 8 9 2  P a r l i a m e n t a r y  C o m m i t t e e .  ( G r e a t h e a d  h i m s e l f ,  i n  
e v i d e n c e ,  r e c o m m e n d e d  3 * 6 6  m  ( 1 2  f t ) . )  T h e  a c t u a l  i n t e r n a l  d i a m e t e r  o f  - t h e
r i n g s  w a s  3 * 3 6  m  ( 1 1  f t  8 V 4  i n s )  g i v i n g  a  w r i g g l e  a l l o w a n c e  o f  3 7  m m  ( 2 * V 4  
i n s )  c o m p a r e d  w i t h  4 4  m m  ( 1 - V 4  i n s )  a l l o w e d  o n  t h e  W a t e r l o o  a n d  C i t y  r a i l w a y .  
T h e  i n c r e a s e  w a s  a c l i i e v e d  b y  m a k i n g  t h e  f u l l  d e p t h  o f  t h e  f l a n g e s  1 2 4  m m  
( 4 7 / S  i n s )  i n s t e a d  o f  t h e  1 3 0  m m  ( 3 * ^ / 8  i n s )  u s e d  o n  t h e  W a t e r l o o  a n d  C i t y .
S i r  B a s i l  M o t t  ( 1 9 2 4 )  s a i d  t h a t  t h e  t r a f f i c  d e p a r t m e n t  w i s h e d  t o  u s e  l a r g e r  
c a r s  a n d  t h a t  ‘ a f t e r  c a r e f u l  c o n s i d e r a t i o n  i t  w a s  d e c i d e d  t o  r e d u c e  t h e  
f l a n g e s  o f  t h e  c a s t  i r o n  t u n n e l  t o  a  m i n i m u m 1 •  O t h e r  e x p l a n a t i o n s  o f
U K n i g h t e d  1 9 3 0 ,  e l e c t e d  F R S  1 9 3 2 .
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c o m p a r a b l e  c r e d i b i l i t y  h a v e  b e e n  g i v e n .  T h e y  p r o b a b l y  a r o s e  b e c a u s e  t h e r e  
v / a s  s o m e  m y s t e r y  a b o u t  t h e  d i a m e t e r  a t  t h e  t i m e ,  c o n t e m p o r a r y  r e p o r t s  i n  
t h e  t e c h n i c a l  p r e s s  g i v i n g  i t  a s  3 * 5 0  m  ( 1 1  f t  6  i n s ) .  P r o b a b l y  t h e  c o m p a n y  
t h o u g h t  i t  i h a d v i s e a b l e  t o  a d v e r t i s e  t h a t  t h e  1 1  f t  6  i n s  g i v e n  b y  t h e i r  
1 B 9 1 .  A c t  o f  P a r l i a m e n t  h a d  b e e n  r a t h e r  l i b e r a l l y  i n t e r p r e t e d .  T h e  f i r s t  
f i f t e e n  r i n g s  n e x t  t o  e a c h  s t a t i o n  h e a d w a l l  w e r e  e n c a s e d  ( d i s g u i s e d ,  p e r h a p s )  
i n  c o n c r e t e .  W h a t  i s  c e r t a i n  i s  t h a t  t h e  i n t e r n a l  d i a m e t e r  o f  3 * 5 6  m  
( 1 1  f t  8  / A  i n s )  t h a t  b e c a m e  s t a n d a r d  o n  t h e  ’ U n d e r g r o u n d ’  f o r  m a n y  y e a r s ,  
a n d  r i n g s  w i t h  124- m m  ( 4 - ^ / 8  i n s )  d e e p  f l a n g e s  p r o v e d  s t r u c t u r a l l y  s o u n d .
T h e  r i n g  o f  t h e  n o w  w e l l  k n o w n  p a t t e r n  o f  s i x  l o n g  s e g m e n t s  a n d  a  k e y  s e g m e n t
n  /
a n d  0 . 5 1  m  ( 2 0  i n s )  l o n g ,  a s s e m b l e d  w i t h  2 2  m m  (  / S  i n . )  d i a m e t e r  b o l t s  w i t h  
c i r c u m f e r e n t i a l  b o l t  h o l e s  a r r a n g e d  t o  a l l o w  t h e  p o s s i b i l i t y  o f  t h e  r i n g s  
b r e a k i n g  j o i n t .  T h e y  v / e r e  m o s t l y  b u i l t ,  a s  t h e y  a r e  n o w a d a y s ,  v / i t h  c o n ­
t i n u o u s  c r o s s  j o i n t s  a n d  w i t h  k e y  s e g m e n t  p l a c e d  c e n t r a l l y  a t  t h e  c r o w n .
W h e r e a s  t h e  L & 8 W R  e n g i n e e r s  h a d  h a d  a  h a n d  i n  t h e  W a t e r l o o  a n d  C i t y  R a i l w a y ,  
G r e a t h e a d  w a s  u n o p p o s e d  h e r e  a n d  t h e  n e w  r a i l w a y  w a s  b u i l t  a c c o r d i n g  t o  
C i t y  a n d  S o u t h  L o n d o n  m e t h o d s .  T h e  c r o s s  f l a n g e s  w e r e  u n p l a n e d  a n d  t h e  
j o i n t s  v / e r e  p a c k e d  w i t h  c r e o s o t e d  p i n e  a n d  p o i n t e d  w i t h  M e d i n a  c e m e n t .  T h e  
t e m p o r a r y  s e a l  o f  t a r r e d  h e m p  r o p e  w a s  u s e d  b e t w e e n  t h e  b o l t s  a n d  t h e  f i l l e t  
o f  t h e  c i r c u m f e r e n t i a l  j o i n t ,  t o  e x c l u d e  w e t  g r o u t .  A f t e r  g r o u t i n g  t h i s  
j o i n t  v / a s  a l s o  p o i n t e d  w i t h  M e d i n a  c e m e n t .  I n  v / e t  p l a c e s  r u s t  c e m e n t  
r e p l a c e d  t h e  p o i n t i n g  ( C o p p e r t h w a i t e ,  1 9 0 5 ) .  C u r v e s  a s  s h a r p  a s  6 1  m  
( 2 0 0  f t )  r a d i u s  v / e r e  m a d e  u s i n g  i r o n  p a c k i n g s  b e t w e e n  t h e , f i l l e t s  o f  a d j a c e n t  
r i n g s ,  t w o  t o  e a c h  s e g m e n t ,  t o  e n s u r e  t h a t  s h i e l d  t r u s t  v / a s  t r a n s m i t t e d  
t h r o u g h  t h e  s k i n s  o f  t h e  s e g m e n t s .  T a p e r e d  r i n g s  w e r e  u s e d  f o r  b e n d s  i n  
t h e  2 * 4 4 .  m  ( 8  f t )  d i a m e t e r  f o o t w a y  p a s s a g e s  a t  s t a t i o n s *
5 7
T h e  s h i e l d  d r i v e n  s t a t i o n  t u n n e l s  v / e r e  a l s o  o f  a  s i z e  ( 6.46  i n  ( 2 1  f t  2 - J -  i n s )
I D  a n d  6.86  m  ( 2 2  f t  6 i n s )  O D )  a n d  p a t t e r n  t h a t  w a s  t o  b e c o m e  a d o p t e d  a s  a  
s t a n d a r d •  E a c h  r i n g  w a s  0 . / + 6  m  ( 1 8  i n s )  l o n g  a n d  c o n s i s t e d  o f  t w e l v e  l o n g  
s e g m e n t s  a n d  a  k e y  s e g m e n t .  T h e  c i r c u m f e r e n t i a l  j o i n t  h a d  8 3  b o l t  h o l e s  
a n d  t h e  r i n g s  w e r e  b u i l t  w i t h  2 8  m m  ( 1 1 / S  i n . )  d i a m e t e r  b o l t s  s o  a s  t o  b r e a k  
j o i n t *  T h e  t h r e e  b o l t s  o f  t h e  c r o s s  j o i n t  v / e r e  s t a g g e r e d ,  t o  m a k e  a  s t i f f e r  
j o i n t  s o  t h a t  t h e  r i n g s  w o u l d  b u i l d  m o r e  t r u l y  t o  t h e i r  c i r c u l a r  s h a p e .  A t  
t h e  b a n k  t e r m i n u s  t h e  t w o  s t a t i o n  t u n n e l s  w e r e  s u c c e s s f u l l y  b u i l t  o n  c u r v e s  
o f  1 0 0 . 7  i n  ( 5  c h a i n s )  a n d  9 1 * 5  m  (300  f t )  r a d i u s  b y  i n s e r t i n g  h a r d w o o d  
p a c k i n g  u p  t o  33 i n m  ( 1 V 16  i n . )  t h i c k  i n  t h e  c i r c u m f e r e n t i a l  j o i n t s  
( C o p p e r t h w a i t e ,  1905 ) *
T h r e e  c o n t r a c t o r s  ( s t r i c t l y  s p e a k i n g  t h e y  v / e r e  s u b - c o n t r a c t o r s  t o  t h e  
E l e c t r i c  T r a c t i o n  C o m p a n y )  s h a r e d  t h e  w o r k :  G e o r g e  T a l b o t  ( B a n k  t o  P o s t
O f f i c e ) ,  W a l t e r  S c o t t  &  C o  o f  N e w c a s t l e  o n  T y n e  ( P o s t  O f f i c e  t o  M a r b l e  A r c h ) ,  
a n d  J o h n  P r i c e  ( M a r b l e  A r c h  t o  S h e p h e r d s  B u s h ) .  ’W a l t e r  S c o t t  h a d  b e e n  
r e s p o n s i b l e  f o r  t h e  E l e p h a n t  t o  S t o c k w e l l  s e c t i o n  o f  t h e  C i t y  a n d  S o u t h  
L o n d o n  a n d  h a d  t a k e n  o v e r  o n  t h e  C i t y  s e c t i o n  w h e n  E d m u n d  G a b b u t t  f e l l  i l l .
T v : o  o f  t h e s e  c o n t r a c t o r s  e x p e r i m e n t e d  w i t h  m e c h a n i c a l  e x c a v a t o r s .
T h o m a s  T h o m p s o n ,  S c o t t * s  a g e n t ,  d e s i g n e d  t h e  b u c k e t  e x c a v a t o r  ( T h o m p s o n ,  1 8 9 7 )  
s h o w n  i n  F i g  13a ( t h e r e  a r e  p h o t o g r a p h s  o f  i t  i n  t h e  t u n n e l  r e p r o d u c e d  i n  
E n g i n e e r i n g  f o r  2 2  A p r i l  1 8 9 8 ) .  T h e  m a c h i n e  w a s  m o u n t e d  o n  a  ‘ G o l i a t h *  
t y p e  c a r r i a g e  ( i t s  0.61  m  (2 f t )  d i a m e t e r  w h e e l s  a r e  n o t  a t t a c h e d  i n  t h e  
■ i l l u s t r a t i o n ) -  w h i c h  r a n  o n  r a i l s  1 . 9 1  m  (6  f t  3 i n s )  a p a r t ,  a n d  g a v e  a  
v e r t i c a l  c l e a r a n c e  o f  1 . 7 3  m  ( 5  f t  8 i n s )  o v e r  t h e  s p a c e  b e t w e e n  t h e  r a i l s .  
O r d i n a r y  s k i p s  r u n n i n g  o n  0 . 6 1  m  ( 2  f t )  g a u g e  r a i l s  c o u l d  b e  r u n  i n t o  o r  
t h r o u g h  t h i s  s p a c e ,  e i t h e r  c o l l e c t i n g  c l a y  t h a t  f e l l  f r o m  t h e  r e a r  o f  t h e
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bucket' ladder o r  taking iron through to the face*
T h e  m a c h i n e  w a s  a t t a c h e d  t o ,  a n d  c o u l d  r o t a t e  s l i g h t l y  o n ,  a  s t o u t  k i n g  p o s t  
p r o j e c t i n g  f r o m  n e a r  t h e  c e n t r e  o f  t h e  t o p  o f  c a r r i a g e .  A n  e l e c t r i c  m o t o r  
o f  a b o u t  2 0  c . v ,  ( 2 0  h . p . )  s i t u a t e d  n e a r  t h e  r e a r  o f  t h e  m a c h i n e  d r o v e ,  
t h r o u g h  w o r m  g e a r i n g ,  a  h o r i z o n t a l  s h a f t  o n  t h e  c e n t r e  l i n e .  F r o m  t h i s  
v a r i o u s  w i n c h e s  w e r e  d r i v e n  b y  b e v e l  g e a r s  a n d  c o n e  c l u t c h e s ,  a n d  a t  t h e  
f o r e m o s t  e n d  o f  t h e  s h a f t ,  b e v e l  g e a r s  d r o v e  t h e  b u c k e t  c h a i n  i t s e l f .  T h e  
a r m  c a r r y i n g  t h i s  w a s  5 * 1 8  m  ( 1 7  f t )  l o n g  a n d  p r o t r u d e d  t h r o u g h  t h e  s h i e l d  
w h e r e  i t s  f r o n t  e n d  m e t  t h e  f a c e .  I n  o r d e r  t o  m o v e  t h e  c u t t i n g  p a r t s  
v e r t i c a l l y  U p  t h e  f a c e  t h e  w i n c h  n e a r  t h e  t o p  o f  t h e  m a c h i n e  t i g h t e n e d  c h a i n s  
w h i c h  r a n  a l o n g  t h e  e x t e n d e d  s i d e  p l a t e s  a n d  d o w n  t o  t h e  b u c k e t  l a d d e r .
T o  m o v e  t h e  c u t t e r  h o r i z o n t a l l y ,  t h e  w h o l e  m a c h i n e  w a s  s l e w e d  o n  t h e  c a r r i a g e  
b y  c a b l e s  b e t w e e n  t h e  t w o .  A t  e i t h e r  s i d e  o f  t h e  t u n n e l ,  c a b l e s  w e r e  
a t t a c h e d  t o  t h e  c o m p l e t e d  t u n n e l  l i n i n g  a h e a d  o f  a n d  b e h i n d  t h e  c a r r i a g e .
T h e s e  p a s s e d  r o u n d  t h e  w i n c h  b a r r e l s  p r o t r u d i n g  t h r o u g h  t h e  s i d e s  o f  t h e  
c a r r i a g e .  B y  o p e r a t i n g  t h e s e  w i n c h e s  t h e  w h o l e  e q u i p a g e  c o u l d  b e  a d v a n c e d ,  
c a r r y i n g  t h e  c u t t e r  f u r t h e r  i n t o  t h e  f a c e .  W h e n  b u i l d i n g  r i n g s ,  o r  i n  t h e  
e v e n t  o f  a  b r e a k d o w n ,  i t  c o u l d  a l l  b e  m o v e d  b a c k  s o m e  3 m  ( 1 0  f t ) .  T h e  
T h o m p s o n  e x c a v a t o r  v / a s  b u i l t  b y  M e s s r s  E  S c o t t  a n d  M o u n t a i n  o f  N e v / c a s t l e ,
T h e  s h i e l d  u s e d  w i t h  t h i s  m a c h i n e  w a s  s h o r t  ( 2 , 1 5  m  ( 7  f t  1 -  i n , ) )  c o m p a r e d  
t o  i t s  d i a m e t e r  o f  3 * 8 6  m  ( 1 2  f t  8  i n s ) ,  b u t  s o  w a s  t h e  p r o p e r  G r e a t h e a d  
s h i e l d  o f  t h i s  p e r i o d  ( 1 8 9 5 - 1 9 0 3 ) *  I t  d i f f e r e d  i n  h a v i n g  t h e  d i a p h r a g m ,  
w h i c h  w a s  a n  e s s e n t i a l  p a r t  o f  t h e  s h i e l d  a s  e n v i s a g e d  b y  B a r l o w  a n d  G r e a t h e a d ,  
r e d u c e d  t o  a  m e r e  a n n u l u s  b e t w e e n  t h e  c a s t  i r o n  s e g m e n t s  o f  t h e  c u t t i n g  e d g e  
a n d  t h o s e  c a r r y i n g  t h e  r a m s .  I n  f a c t ,  t h e  a r e a  o f  f a c e  a v a i l a b l e  w i t h  t h e  
f u l l  d i a p h r a g m  w o u l d  n o t  h a v e  b e e n  m u c h  l e s s  t h a n  t h a t  o b t a i n e d  w i t h  t h e
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m o d i f i c a t i o n .  P e r h a p s  t h e  e x c a v a t o r  b u c k e t a  t h e m s e l v o 3 b e g a n  t h e  r e m o v a l  
o f  t h e  d i a p h r a g m *  T h e  c o n t r o l  w i t h  c o n e  c l u t c h e s  m a y  h a v e  b e e n  l i m i t e d .  
N e v e r t h e l e s s ,  a  f a s h i o n  v / a s  s e t  f o r  r e d u c i n g  d i a p h r a g m s  a n d  s o  r e d u c i n g  
s e c u r i t y  a n d  s a f e t y .  W i t h  t h e  m e t h o d s  o f  c o n s t r u c t i o n  u s e d  a t  t h e  t i m e  t h e  
m o d i f i e d  s h i e l d s  w e p e  a l s o  l e s s  r i g i d .  A n o t h e r  m o d i f i c a t i o n  t o  t h e  s h i e l d  
w a s  t h e  p r o v i s i o n  o f  a  s m a l l  s l o p i n g  a p r o n  t o  p r e v e n t  c l a y  w h i c h  f e l l  o f f  
t h e  b u c k e t s  f i l l i n g  t h e  b o t t o m  o f  t h e  s h i e l d .
T h e  p r o g r e s s  w i t h  c o m b i n a t i o n s  u s e d  b y  T h o m p s o n  v / a s  t h r e e  r i n g s  i n  a  1 0  h o u r  
s h i f t  w i t h  e i g h t  m e n  a t  t h e  f a c e  ( E n g i n e e r ,  2 2  A p r i l  1 8 9 8 ) ,  C o p p e r t h w a i t e  
s a i d  t h a t  t h e  n u m b e r  o f  m e n  w a s  j u s t  o v e r  h a l f  t h e  n u m b e r  r e q u i r e d  f o r  h a n d  
m i n i n g  a n d  t h a t  t h e  p r o g r e s s  w a s  a b o u t  d o u b l e .  P e r h a p s  h e  m o a n s  m a x i m u m  
p r o g r e s s  b e c a u s e  o n  t h e  p r e v i o u s  p a g e  v / e  f i n d  , . , . t h e  f r e q u e n t  f a i l u r e  
o f  t h e  e l e c t r i c a l  m o t o r  a n d  c o n n e c t i o n s  c a u s i n g  s o  m u c h  l o s s  o f  t i m e  t h a t  
t h e  i n c r e a s e d  r a t e  o f  e x c a v a t i o n  w h e n  t h e  m a c h i n e  v / a s  w o r k i n g  w a 3  m a d e  o f  
n o  e f f e c t 1 •
T h e  m a c h i n e  w a s  v e r s a t i l e  e n o u g h  t o  c o p e  w i t h  t h e  l a r g e  c l a y s t o n e s  f o u n d  i n f  
t h e  b a s e m e n t  b e d s  o f  t h e  L o n d o n  C l a y ,  a l t h o u g h  a  f e w  o f  t h e  c a s t - s t e e l  
b u c k e t s  w e r e  b r o k e n .  T h e s e  v / e r e  r e p l a c e d  b y  g u n  m e t a l  b u c k e t s ,
J o h n  P r i c e  V s  m a c h i n e  ( P r i c e ,  1896 )  w a s  a  r o t a r y  m a c h i n e  w h i c h  c u t  o v e r  t h e  
w h o l e  s u r f a c e  o f  t h e  f a c e  a t  o n c e .  R o t a r y  m a c h i n e s  h a d  b e e n  m a d e  b e f o r e  
t h i s  d a t e  b u t  w e r e  m a d e  f o r  c u t t i n g  r o c k .  T h e  m o s t  f a m o u s  o f  t h e s e  v / a s  u s e d  
b y  C o l o n e l  B e a u m o n t  a n d : M a j o r  E n g l i s h  i n  1 8 8 4  t o  d r i v e  2 . 1 4  m  ( 7  f t )  d i a m e t e r  
p i l o t  h e a d i n g s  i n  t h e  L o w e r  C h a l k  f o r  a  C h a n n e l  T u n n e l ;  i t s  m a x i m u m  p r o g r e s s  
o n  t h e  E n g l i s h  s i d e  w a s  2 2  m  ( 7 2  f t )  i n  2 4  h o u r s ,  i n  t h e  m o r e  a r g i l l a c e o u s  
m a t e r i a l  o n  t h e  f r e n c h  s i d e  i t  a c h i e v e d  2 5  m  ( 8 2  f t )  i n  2 A  h o u r s  ( B r a m w e l l ,  
1 8 8 5 ) .
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I n  i t  a  o r i g i n a l  f o r m ,  a s  u s e d  b e t w e e n  S h e p h e r d s  B u s h  a n d  M a r b l e  A r c h  i n  
" 1 8 9 7 ,  P r i c e ’ s  m a c h i n e  d i d  n o t  w o r k  v e r y  w e l l .  I t  w a s  v u l n e r a b l e  t o  t h e  
l a r g e  c l a y s t o n e s  a n d  i t s  a t t a c h m e n t  t o  t h e  s h i e l d  m a d e  r e m o v a l  o f  t h e  s t o n e s  
b y  h a n d  d i f f i c u l t .  I t s  l o n g  c e n t r a l  s h a f t  w a s  n o t  s t i f f  e n o u g h  t o  d r i v e
s h a r p  c u r v e s .  T h e  d r i v e  v / a s  a p p l i e d  d i r e c t l y  t o  t h e  s h a f t .
P r o b a b l y  t h e  p o t e n t i a l l y  m o r e  v e r s a t i l e  T h o m p s o n  d e s i g n  w a s  c o n c i e v e d  a s  a n  
a n s w e r  t o  t h e s e  s h o r t c o m i n g s .  H o w e v e r , ■ i m p r o v e d  v e r s i o n s  o f  t h e  P r i c e  
m a c h i n e  v / e r e  s o o n  t o  b e  b u i l t  ( s e e  p a g e  6 4 )  w h e r e a s  d e v e l o p m e n t  o f  t h e
T h o m p s o n  c o n c e p t  w a s  p o s t p o n e d  f o r  o v e r  7 5  y e a r s .
T h e  s i x  o r  s o  m i l e s  o f  t h e  C e n t r a l  L o n d o n  R a i l w a y  r u n n i n g  t u n n e l s  w e r e  
c o m p l e t e d  b e t w e e n  A p r i l  1 8 9 6  a n d  N o v e m b e r  1 8 9 8 .  T h e  r a i l w a y  v / a s  o p e n e d  b y  
t h e  P r i n c e  o f  V / o l e s  o n  2 7  J u n e  1 9 0 0  a n d  t h e n  c l o s e d  f o r  t r i a l  r u n n i n g .
T h e  l o c o m o t i v e s ,  o f  A m e r i c a n  d e s i g n ,  v / e i g h e d  4 4 * 7  t o n n e s  ( 4 4  t o n s ) ,  3 4 * 5  
t o n n e s  (34  t o n s )  o f  w h i c h  v / a s  u n s p r u n g  b e c a u s e  t h e  g e a r l e s s  m o t o r s  v / e r e  
d i r e c t l y  o n  t h e  a x l e s .  T h e  r a i l s  v / e r e  o f  t o o  l i g h t  a  s e c t i o n  a n d  m o u n t e d  
o n  l o n g i t u d i n a l  s l e e p e r s .  T h e s e  f a c t o r s  c o m b i n e d  t o  c a u s e  v i b r a t i o n  o f  
s u f f i c i e n t  m a g n i t u d e  t o  c a u s e  t h e  B o a r d  o f  T r a d e  t o  s e t  u p  a  c o m m i t t e e  o f
i n v e s t i g a t i o n  u n d e r  L o r d  R a l e i g h  a n d  t o  m a k e  p r o p e r t y  o v / n e r s  s h y  o f  g r a n t i n g
w a y - l e a v e s  f o r  t h e  n e x t  s i x  y e a r s .  T h e  v i b r a t i o n  p r o b l e m s  w e r e  s o l v e d  b u t
u n d e r g r o u n d  r a i l w a y  t u n n e l s  c o n t i n u e d  t o  h a v e  5 c h a i n  c u r v e s .
2 . 3 , 1 0  I r o n  a n d  b r i c k s
T h e  G r e a t  N o r t h e r n  a n d  C i t y  R a i l v / a y ,  e n g i n e e r e d  b y  S i r  D o u g l a s  F o x  a n d  
b u i l t  b y ' P e a r s o n s ,  w a s  e n v i s a g e d  a s  a n  e x t e n s i o n  o f  t h e  G N R  t o  c a r r y  t h e i r  
f u l l - s i z e d  s u b u r b a n  t r a i n s  t h r o u g h  a  5*5 k m  (3 m i l e s  3 f u r l o n g s  3 c h a i n s )  
l o n g  t u n n e l  f r o m  F i n s b u r y  P a r k  t o  t h e  C i t y .  I n  f a c t  i t  f u n c t i o n e d  a s  a n
F x o e p t  f o r  D r a y t o n  P a r k  S t a t i o n  w h i c h  i s  i n  a  c u t t i n g .
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i n d e p e n d e n t  r a i l w a y  b e t w e e n  i t s  c o m p l e t i o n  i n  1904  a n d  i t s  t a k e - o v e r  b y  t h e  
M e t r o p o l i t a n  i n  1 9 1 3 *  I t  n o w  f o r m s  p a r t  o f  L T B ' s  V i c t o r i a  L i n e  b e t w e e n  
F i n s b u r y  P a r k  a n d  D r a y t o n  P a r k ,  t h e  r e m a i n i n g  p o r t i o n  b e t w e e n  D r a y t o n  P a r k  
a n d  H o o r g a t e  b e i n g  r e g a r d e d  a s  a  s p u r  o f  t h e  N o r t h e r n  L i n e *
C o m m e n c e d  i n  1 8 9 8  a f t e r  s i x  y e a r s  o f  b i c k e r i n g  w i t h  t h e  p a r e n t  c o m p a n y ,  t h e  
4 * 8 8  r n  ( 1 6  f t )  d i a m e t e r  t u n n e l s  a r e  o f  a  u n i q u e  c o n s t r u c t i o n  ( F i g  1 ' 4 ) •
T h e  r i n g s  w e r e  o f  t h e  u s u a l  0 * 5 1  m  ( 2 0  i n s )  l e n g t h  b u t  c o n s i s t e d  o f  e i g h t  
l o n g  s e g m e n t s  w i t h  t w o  s h o r t  k e y  s e g m e n t s ,  o n e  a t  t h e  c r o w n  a n d  o n e  a t  t h e  
i n v e r t .  T h e  f l a n g e s  h a d  a  f u l l  d e p t h  o f  1 5  c m  (6  i n s )  g i v i n g  a n  0 D  o f  
5 * 1 9  m  ( 1 7  f t ) .  T h e  c r o s s  j o i n t  f a c e s  w e r e  n o t  p l a n e d ,  w o o d  p a c k i n g  w a s - ,  
i n s e r t e d  i n t o  t h e  j o i n t  a s  w a s  G r e a t h e a d ! s  p r a c t i c e *  T h e  c i r c u m f e r e n t i a l  
j o i n t s  h a d  t h e  u s u a l  w o o d e n  p a c k i n g *  T h e  t u n n e l  v / a s  d r i v e n  w i t h  a  s h i e l d  
u s i n g  t h e s e  r i n g s  i n  t h e  n o r m a l  w a y *  S o m e  w a y  b e h i n d  t h e  s h i e l d  a  g a n g  
f o l l o w e d  w h i c h  r e m o v e d  t h e  i n v e r t  i r o n ,  a n d  t h e  l a y e r  o f  g r o u t  a n d  t h e n  
e x c a v a t e d  a  f u r t h e r  l a y e r  o f  c l a y *  M o r e  v / a s  t a k e n  f r o m  i n v e r t  t h a n  f r o m  
a x i s  l e v e l  s o  t h a t  a  s l i g h t l y  e l l i p t i c a l  s h a p e  v / a s  f o r m e d *  A  t h r e e - r i n g  
l i n i n g  o f  b l u e  v i t r i f i e d  b r i c k  w a s  b u i l t  o n t o  t h e  c l o y *  T h e  j u n c t i o n  
b e t w e e n - t h e '  b r i c k  a n d  t h e  i r o n  w a s  m a d e  w i t h  a  s h o e  w h i c h  s p r e a d  t h e  h o o p  
l o a d  i n  t h e  i r o n  o v e r  t h e  w h o l e  w i d t h  o f  t h e  b r i c k w o r k , '  a b o u t  38  c m  ( 1 5  i n s )  
F l a t  b o t t o m e d  r a i l s  v / e r e  l a i d  o n  l o n g i t u d i n a l  t i m b e r s  o n  a  w e d g e  s h a p e d  
f i l l e t  o n  t h e  b r i c k w o r k *  W i t h  t h e  r a i l s  s o  c l o s e  t o  t h e  l i n i n g  t h e  
i m p r e s s i o n  w a s  c r e a t e d  t h a t  t h e  t u n n e l  w a s  m u c h  m o r e  e l l i p t i c a l  t h a n  i n  f a c t  
i t  w a s .  .
T h e  a d v a n t a g e s  c l a i m e d  f o r  t h i s  s y s t e m  w e r e  t h a t  i r o n  w a s  s a v e d ,  t h e  n o i s e  
i n  t r a i n s  v / a s  r e d u c e d  a n d  t h e  v i b r a t i o n  f e l t  a t  t h e  s u r f a c e  w a s  r e d u c e d .
T h e  s a v i n g  i n . m o n e y . w a s  e s t i m a t e d  a t  £ 3 0 , 0 0 0 *  W i t h  t h e  i n c r e a s i n g  c o s t  o f
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l a b o u r  i t  w o u l d  n o t  h a v e  b e e n  e c o n o m i c  t o  h a v e  u s e d  t h i s  m e t h o d  s u b s e q u e n t l y *  
P o s s i b l y  i r o n  m a y  b e c o m e  s o  s c a r c e  i n  t h e  f u t u r e  t h a t  s o m e t h i n g  s i m i l a r  
m i g h t  b e  d o n e  w i t h  a  c o n c r e t e  i n v e r t *
T h e  l a r g e  t u n n e l s  o n  t h e  G r e a t  N o r t h e r n  a n d  C i t y  R a i l w a y  w h i c h  c o n t a i n e d  t h e  
c r o s s - o v e r  r o a d s  w e r e  a l s o  u n i q u e  a t  t h e  t i m e *  T h e y  h a d  a  h o r i z o n t a l  
d i a m e t e r  o f  9 * 1 3  m  ( 3 0  f t ) ,  b u t  w e r e  b u i l t  f l a t  i n  t h e  i n v e r t *  T h e y . w e r e ,  
h a n d  b u i l t  w i t h o u t - a -  s h i e l d  a n d  r e c e n t l y  t h e  m e t h o d  h a s  b e e n  u s e d  q u i t e  
s a t i s f a c t o r i l y  f o r  s i m i l a r  c r o s s - o v e r  t u n n e l s  a t  B r i x t o n  o n  t h e . V i c t o r i a  L i n e  
e x t e n s i o n  a n d  a t  H e a t h r o w  C e n t r a l  o n  t h e  P i c c a d i l l y  L i n e  e x t e n s i o n *
2 * 3 * 1 1  T h e  H a m p s t e a d  t u b e  a n d  t h e  P r i c e  e x c a v a t o r
T h e  C h a r i n g  C r o s s ,  E u s t o n  a n d  H a m p s t e a d  R a i l w a y  w a s  t h e  l a s t  o f  t h e  u n d e r ­
g r o u n d  r a i l w a y s  c o n s i d e r e d  b y  t h e  1 8 9 2  C o m m i t t e e .  A f t e r  f o u r  d i f f e r e n t  B i l l s  
h a d  r e c e i v e d  t h e  R o y a l  A s s e n t  i t ' w a s . f i n a l l y  f i n a n c e d  b y  t h e  A m e r i c a n  
p r o m o t e r  C  T  Y e r k e s  a n d  t h e  A n g l o - G e r m a n  b a n k e r  E d g a r  S p e y e r .  I t  d i d  n o t  
a c t u a l l y  b e c o m e  p a r t  o f  t h e i r  U n d e r g r o u n d  E l e c t r i c  R a i l w a y  u n t i l  1 9 1 0 *
S i r  D o u g l a s  F o x  w a s  a p p o i n t e d  a s  c o n s u l t i n g  e n g i n e e r  w i t h  V J  R  G a l b r a i t h .
T h e i r  r e s i d e n t  e n g i n e e r  w a s  A  W  D o n a l d s o n *  I I  I I  D a l r y m p l e - I I a y  w a s  n o w  
e n g i n e e r  t o  t h e  U n d e r g r o u n d  G r o u p  a n d  k e p t  a  w a t c h i n g  b r i e f  o n  i t s  b e h a l f .  T h e  
c o n t r a c t o r s  w e  r e  P r i c e  a n d  R e e v e s .  T h e  d e s i g n  o f  t h e  l i n i n g s  ( F i g s  8 a n d  1 0 ) ,  a n  
a m a l g a m  o f  i d e a s  f r o m  t h e  W a t e r l o o  a n d  C i t y  a n d  t h e  C e n t r a l  L o n d o n  R a i l w a y s  
b e c a m e  t h e  s t a n d a r d  f o r  t h e  ' U n d e r g r o u n d 1 n e t w o r k *  T h a t  f o r  r u n n i n g  t u n n e l s  
w a s  3 . 3 6  m  I D ,  3 * 8 1  m  0 D  ( 1 1  f t  8 ^ / 4  I D *  1 2  f t  6 i n s  0 D ) ,  T h e  t w o  t o p  
s e g m e n t s  h a d  e i g h t  c i r c u m f e r e n t i a l  b o l t  h o l e s ,  t h e  k e y  o n e  a n d  t h e  o t h e r  
n i n e - m a k i n g  a  t o t a l  o f  53 a r o u n d  e a c h  c i r c u m f e r e n c e  o f  t h e  0 * 3 1  m  (20  i n s )  
l o n g  r i n g .  T h e  c i r c u m f e r e n t i a l  j o i n t  f a c e  h a d  a  22 m m  (^ /8  i n . )  d e e p  f i l l e t  
a t  t h e  b a c k  b u t  w a s  n o t  u s e d ,  a l l  a d j u s t m e n t s  o f  t u n n e l  d i r e c t i o n  b e i n g  m a d e
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w i t h  w o o d '  p a c k i n g .  T h e  c r o s s  j o i n t  f a c e s  w e r e  m a c h i n e d  a n d  h a d  a  c a u l k i n g  
g r o o v e .  T h e  j o i n t ' w a s  m a d e  w i t h  t h e  u s u a l  t h r e e  2 2  m m  (^/8  i n . )  b o l t s .
T h e  r o u t e  w a s  a n  a m b i t i o u s  o n e ,  1 0  k m  (6  m i l e s )  f r o m  C h a r i n g  C r o s s ,  t h e  S o u t h  
E a s t e r n  R a i l w a y  s t a t i o n  f o r e c o u r t  w h e r e  t h e  F l e e t  l i n e  s t a t i o n  i s  n o w  
b e i n g  c o n s t r u c t e d ,  t o  G o l d e r s  G r e e n  w i t h  1 0  i n t e r i n e a d i a t e  s t a t i o n s  a n d  a  s p u r  
f r o m  C a m d e n  T o w n  t o  t h e  f o o t  o f  I l i g h g a t e  H i l l  ( . n o w  c a l l e d  A r c h w a y  s t a t i o n ) .  
T h e r e  i s  a  8 3  m  ( 2 7 2  f t )  r i s e  b e t w e e n  C h a r i n g  C r o s s  a n d  t h e  p o r t a l  n e a r  
G o l d e r s  G r e e n  s t a t i o n .  A t  H a m p s t e a d  H e a t h  t h e  c o v e r  i s  7 6  m  ( 2 3 0  f t )  a b o v e  
r a i l  l e v e l .  I t  a l s o  h a s  t h e  d e e p e s t  s t a t i o n  o n  t h e  s y s t e m ,  H a m p s t e a d ,  3 9  m  
( 1 9 2  f t )  d o w n .
T h e  p r o j e c t  t o o k  f i v e  y e a r s  t o  c o m p l e t e  ( J u l y  1 9 0 2  t o  J u n e  1 9 0 7 ) .  D u r i n g  
t h i s  t i m e  t h e  ’ B a k e r l o o ’  w a s  n o t  o n l y  c o m p l e t e d  b u t  e x t e n d e d  s o u t h  t o  
E l e p h a n t  a n d  C a s t l e  a n d  n o r t h  t o  M a r y l e b o n e  a n d  t h e  G r e a t  N o r t h e r n  P i c c a d i l l y  
a n d  B r o m p t o n  R a i l w a y  ( H a m m e r s m i t h  t o  F i n s b u r y  P a r k )  v / a s  s t a r t e d  a n d  n e a r l y  
f i n i s h e d .  A l l  t h i s  w o r k  u s e d  t h e  s t a n d a r d  ’ U n d e r g r o u n d 1 m e t h o d s  f i n a l i s e d  
o n  t h e  H a m p s t e a d  t u b e .  M o t o r  b u s e s  w e r e  n o w  p r o f i t i n g  f r o m  t h e  L G C ’ s  r o a d  
i m p r o v e m e n t s  a n d  n o  n e w  l i n e  w a s  b u i l t  i n  t h e  f a c e  o f  t h i s  c o m p e t i t i o n .
1 3 y  t h e  t i m e  t h e  v a r i o u s  o t h e r  l i n e s  w e r e  e x t e n d e d  t h e y  t o o  w e r e  p a r t  o f  t h e  
U n d e r g r o u n d  g r o u p  o r ,  a f t e r  1 933> L P T B .
J o h n  P r i c e ’ s  t u n n e l l i n g  m a c h i n e  v / a s  i m p r o v e d  f o r  w o r k  o n  t h e  H a m p s t e a d  t u b e  
a n d  i n  i t s  i m p r o v e d  f o r m  v / a s  u s e d  o n  t h e  P i c c a d i l l y  a n d  B a k e r l o o  l i n e s  a n d  
s o m e  o f  t h e  e x t e n s i o n s .  T h e  o u t s i d e  w a s  a  G r e a t h e a d  s h i e l d  a  l i t t l e  l o n g e r  
t h a n  u s u a l ,  2 , 2 / , .  m  ( 7  f t  / f  i n s ) ,  a n d  w i t h ' t h e  d i a p l i r a g m  r e m o v e d  ( F i g  1 3 b ) .
T h e  i n t e r i o r  o f  t h e  s h i e l d  w a s  b r i d g e d  b y  t w o  s t o u t  b e a m s  ( 2 3  c m  x  8 c m  x  
1 .6  c m  (9  i n s  x  3 i n s  x  5 / q i n . )  s t e e l  c h a n n e l  s e c t i o n )  m o u n t e d  h o r i z o n t a l l y
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j u s t  a b o v e  a x i s  l e v e l *  O n e  w a s  i n  l i n e  w i t h  t h e  f r o n t s  o f  t h e  r a i n  c y l i n d e r s ,  
t h e  o t h e r  i n  l i n e  w i t h  t h e  b a c k s ;  i n  f a c t ,  t w o  o f  t h e  r a m  c y l i n d e r s  v / e r e  
m o d i f i e d  s o  t h a t  t h e y  f o r m e d  t h e  a t t a c h m e n t  b e t w e e n  t h e  b e a m s  a n d  t h e  s h i e l d  
s k i n *  A s  w e l l . a s  s t i f f e n i n g  t h e  s h i e l d  t h e y  h a d  b e a r i n g s  h u n g  f r o m  t h e m  
. w h i c h  c a r r i e d  t h e  2 0 3  m m  (8  i n s )  d i a m e t e r  a x i a l  s h a f t *  T h e  r e a r  m o u n t i n g  
h a d  a  t h r u s t  b e a r i n g  a s  w e l l  a s  j o u r n a l  b e a r i n g .  T h e  f r o n t  e n d  o f  t h e  s h a f t  
p r o t r u d e d  b e y o n d  t h e  c u t t i n g  e d g e  o f  t h e  s h i e l d  a n d  c a r r i e d  a  l a r g e  c a s t  
m e t a l  h u b  t o  t h e  f r o n t  o f - w h i c h  v / e r e  b o l t e d  s i x  r a d i a l  a r m s ;  a n o t h e r  s i x  
v / e r e  b o l t e d  t o  t h e  b a c k  o f  t h e  h u b *  C i r c u m f e r e n t i a l  p l a t e s  b o l t e d  t o  t h e  
a r m s  t i e d  t h e m  t o g e t h e r  t o  f o r m  a  w h e e l . o f  c o n s i d e r a b l e  r i g i d i t y .  T h e  b a c k  
o f . t h e  w h e e l  h a d  a n  a n n u l a r  r a c k  a b o u t  3*2 m ( l 0 f t  6 i n s )  i n  d i a m e t e r ,  i t s  ' 
t e e t h  . f a c i n g - t o w a r d s  t h e  s h a f t .  T h i s  m e s h e d  w i t h  g e a r  t r a i n  e n d i n g  a t  
t h e  s h a f t  o f  a  3 7  t o  U5 k W  ( 3 Q  o r  6 0  h * p . )  e l e c t r i c  m o t o r *  M o t o r  a n d  g e a r  
t r a i n  v / e r e  b o t h  c a r r i e d  o n  t h e  23 c m  x  7*6  c m  (9  i n ' s  x  3 i n s )  b e a m s  a t  t h e  
l e f t  h a n d  s i d e .
D i g g i n g  t o o l s  c o u l d  b e  b o l t e d  t o  t h e  a r m s  i n  p o s i t i o n s  c h o s e n  b y  t h e  
e n g i n e e r  t o  g i v e  a  s u i t a b l e  d i s t r i b u t i o n  o f  c u t s  o v e r  t h e  w h o l e  f a c e *
S p o i l  c u t  b y  t h e  d i g g i n g  t o o l s  f e l l  t o  t h e  i n v e r t  f r o m  w h e n c e  i t  v / a s  r e m o v e d  
b y  s i x  b u c k e t s  e a c h  o n e  a t t a c h e d  t o  t h e  l e a d i n g  e d g e  o f  a n  a r m .  F r o m  t h e  
p a r t  o f  t h e  b u c k e t  w h i c h  w a s  r a d i a l l y  i n v / a r d  a n d  t o  t h e . r e a r  t h e r e  l e d  a  
s m a l l ,  s h o r t  c h u t e *  W h i l e  t h e  b u c k e t  w a s  p i c k i n g  u p  m u c k  f r o m  t h e  i n v e r t  
t h i s  c h u t e  p o i n t e d  u p w a r d s , ,  b u t  a f t e r  t h e  w h e e l  h a d  t u r n e d  a  l i t t l e  m o r e  
t h a n  h a l f  a  t u r n  i t  v / a s  p o i n t i n g  d o w n w a r d s  a n d  t h e  m u c k :  c o u l d  f a l l  f r o m  i t  
i n t o  a  l a r g e  - c h u t e ' - b e l o w *  T h i s  c h u t e  l e d  d o w n  a n d  b a c k  j u s t  p a s t  t h e  r e a r  
. b e a m *  F r o m  h e r e  i t  v / a s  c a r r i e d  a w a y  b y  a  b e l t  c o n v e y o r ;  t h i s  v / a s  r a i l -  
m o u n t e d  s o  t h a t  i t  c o u l d  b e  w i t h d r a w n  w h e n  i r o n  v / a s  b e i n g  e r e c t e d .  F r o m  
t h i s  a r r a n g e m e n t  o f  t h e  b u c k e t s  i t  w i l l  b e  a p p r e c i a t e d  t h a t  t h e  e x c a v a t i n g
6 3
w h e e l  w a s  o n l y  r o t a t e d  i n  o n e  d i r e c t i o n  a l t h o u g h  t h e  t i n e s  w e r e  s y m m e t r i c a l .
T o  c o u n t e r a c t  t h e  m a c h i n e ’ s  r o l l i n g  u n d e r  t h e  t o r q u e  r e a c t i o n  a  ’ p l o u g h 1 
p r o t r u d e d  f r o m  t h e  s h i e l d ,  a n g l e d  s l i g h t l y  t o  t h e  d i r e c t i o n  o f  a d v a n c e .
T o  e n a b l e  g r o u n d  t o  b e  c u t  i n  f r o n t  o f  t h e  h u b ,  t h i s  c a r r i e d  a  V - s h a p e d  
t o o t h e d  p l a t e .  T h i s ,  w i t h  t h e  p o i n t s  o f  t h e  o t h e r  d i g g i n g  t o o l s ,  w a s  a b o u t  
0 . ^ 6  m  ( 1 8  i n s )  a h e a d  o f  t h e  s h i e l d  c u t t i n g  e d g e .  A n  i m p r o v e m e n t  s u g g e s t e d  
a n d  i n c o r p o r a t e d  b y  t h e  m a n u f a c t u r e r s ,  M a r k h a m s ,  w a s  t o  h a v e  t h e  p e r i p h e r a l  
t i n e s ,  w h i c h  w e r e  m o u n t e d  a t  a n  a n g l e  t o  t h e  r o t a t i o n a l  a x i s ,  a b l e  t o  s l i d e  
i n  t h e i r  m o u n t i n g s .  B y  m e a n s  o f  p u s h  r o d s  l e d  t o  a  c a m  o r  e c c e n t r i c  o n  
t h e  c e n t r e  s h a f t  t h e y  c o u l d  b e  m a d e  t o  p r o t r u d e  f u r t h e r  f o r  p a r t  o f  t h e  
r e v o l u t i o n ,  t h u s  m a k i n g  a  d e e p e r  e x c a v a t i o n  o n e  s i d e  i n t o  w h i c h  t h e  m a c h i n e  
c o u l d  b e  t u r n e d  w h e n  a  c u r v e  w a s  b e i n g  d r i v e n .
R u n n i n g  a t  5 0 0  r p m  t h e  m o t o r  t u r n e d  t h e  e x c a v a t i n g  w h e e l  a t  1 - g -  r p m .  T h e  
o p e r a t o r  b a l a n c e d  t h e  a d v a n c e  d u e  t o  t h e  s h o v e  r a m s  a g a i n s t  t h e  t o r q u e  
e x e r t e d  o n  t h e  w h e e l  b y  w a t c h i n g  a n  a m m e t e r  m e a s u r i n g  t h e  c u r r e n t  t a k e n  h y  
t h e  m o t o r .
I n  r e g u l a r  u s e  o n  t h e  H a m p s t e a d  t u b e ,  3 6 0  r i n g s  w e r e  e r e c t e d  i n  f o u r  c o n s e c u ­
t i v e  w e e k s  a n d  1 0 8  r i n g s  a  w e e k  ( 5 5  m m  ( 1 8 0  f t ) )  c o u l d  b e  e x p e c t e d  i n  g o o d  
g r o u n d .  A c c e s s  t o  t h e  f a c e  w a s  r e s t r i c t e d  s o  i t  w o u l d  n o t  h a v e  m a d e  g o o d  
p r o g r e s s  i n  g r o u n d  w i t h  c l a y s t o n e s  l a r g e  e n o u g h  t o  d a m a g e  t h e  c u t t i n g  t o o l s .
I n  t h e  d e e p  s e c t i o n  o f  t h e  l i n e  u n d e r  H a m p s t e a d  H e a t h  t h e  f a c e  s l i p p e d  a n d  
b u r r i e d  t h e  c u t t i n g  w h e e l .  T h e  e x c a v a t i n g  p a r t  o f  t h e  m a c h i n e  w a s  d i s m a n t l e d  
a n d  t h e  s h i e l d  w a s  d r i v e n  o n  b y  h a n d .
A p a r t  f r o m  p r o g r e s s i n g  a t  t w i c e  t h e  s p e e d  o f  t h e  s h i e l d  u s e d  w i t h  h a n d  t o o l s ,
O v e r c u t t i n g  c a n ,  h o w e v e r ,  c a u s e  m o r e  s t e e r i n g  t r o u b l e  t h a n  i t  s o l v e s  
( s e e  p a g e  1 1 0 ) .
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t h e r e  w o u l d  h a v e  b e e n  a  g r e a t l y  r e d u c e d  s e t t l e m e n t  n o w  t h a t  a  h e a d i n g  v / a s  
n o t  d r i v e n  a h e a d  o f  t h e  f a c e .  T h i s  a d v a n t a g e  p r o b a b l y  p a s s e d  u n n o t i c e d  b y  
t h e  t u n n e l l e r s  a t  t h e  t i m e  b u t  e v e n t u a l l y  p a i d  d i v i d e n d s  i n  t h e  f o r m  o f  
m o r e  r e a d i l y  o b t a i n e d  w a y - l e a v e s  w h e n  i t  w a s  r e a l i s e d  t h a t  l e s s  d a m a g e  v / a s  
b e i n g  d o n e .  H a d  t h e  l e s s o n s  l e a r n e d  w i t h  t h e  T h o m p s o n  p r o t o t y p e  b e e n  
a p p l i e d  t o  t h e  d e v e l o p m e n t  o f  a  v e r s i o n  a s  r u g g e d  a s  t h e  P r i c e  m a c h i n e ,  e v e n  
m o r e  c a r e f u l  t u n n e l l i n g  c o u l d  h a v e  b e e n  d o n e *  W i t h  t h e  T h o m p s o n  t h e r e  w a s  . 
t h e  p o s s i b i l i t y  o f  a d v a n c i n g  t h e  s h i e l d  a n d  c u t t e r  t o g e t h e r  a n d  i f  t h i s  h a d  
b e e n  d o n e ,  t h e r e  w o u l d  h a v e  b e e n  n o  c a u s e  o f  d i s t u r b a n c e  a h e a d  o f  t h e  c u t t i n g  
e d g e  ( t h e  P r i c e  c u t t i n g  h e a d  p r o t r u d e d  r a t h e r  f a r ) .  A l s o ,  i f . w o r k  h a d  t o  
s t o p ,  t h e  T h o m p s o n  m a c h i n e  c o u l d  b e  w i t h d r a w n  a n d  t h e  f a c e  p r o p e r l y  t i m b e r e d .
2 * 3*12 T h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  a n d  t h e  c l a y  s p a d e
T h e  f i r s t  m a j o r  t u n n e l l i n g  w o r k  a f t e r  t h e  w a r  w a s  t o  e n l a r g e  t h e  C i t y  a n d
S o u t h  L o n d o n  R a i l w a y  t u n n e l s  t o  t h e  n o w  s t a n d a r d  d i a m e t e r  o f  3 * 5 6  m  ( 1 1 ' ' f t  
1  ,
8 / A  i n s )  •  B e t w e e n  M o o r g a t e  a n d  C l a p h a m  C o m m o n ,  w h e r e  t h e  l i n i n g s  h a d  b e e n  
o f  3*098  m  (10  f t  2 i n s )  o r  3*200  m  (10  f t  6 i n s )  d i a m e t e r ,  t h i s  w a s  d o n e ,  
t w o  r i n g s  a t  a  t i m e ,  b y  r e b u i l d i n g  t h e  3*20  m  (10  f t  6 i n s )  i r o n  w i t h ,  f i v e  
s h o r t ,  p a r a l l e l - f a c e d  s e g m e n t s  251 m m  ( 9 ^/8  i n s )  l o n g  i n s e r t e d  i n t o  t h e  
r a d i a l  j o i n t s  ( i e  i n  a l l  t h e  c r o s s  j o i n t s  e x c e p t  t h o s e  n e x t  t o  t h e  k e y  
s e g m e n t ) *  B e c a u s e  t h e  c r o s s  j o i n t  f a c e s  w e r e  u n m a c h i n e d  t h e  n e w  j o i n t s ,  
l i k e  t h e  o r i g i n a l  o n e s ,  w e r e  m a d e  w i t h  w o o d  p a c k i n g s  i n c l u d e d  i n  t h e m .  T h e  
r a t h e r  f l e x i b l e  r i n g  t h i s  p r o d u c e d  w a s  q u i t e  s a t i s f a c t o r y  ( J o n e s  a n d  C u r r y ,  
1 9 2 6 ) .
A  s h i e l d  w a s  u s e d ;  t h i s ,  l i k e  t h o s e  u s e d  w i t h  e x c a v a t i n g  m a c h i n e s  o n  t h e  
C e n t r a l  L o n d o n  R a i l w a y ,  h a d  m o s t  o f  t h e  d i a p h r a g m  c u t  a w a y ,  l e a v i n g  a  c i r c u l a r
#  v  •
B e t w e e n  A u g u s t  1 9 2 2  a n d  D e c e m b e r  1 9 2 4 *
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h o l e  3 * 2 5  m  ( 1 0  f t  8 i n s )  i n  d i a m e t e r *  N o t  o n l y  d i d  t h e  t r a i n s  p a s s  
t h r o u g h  t h i s  b u t  a l l  t h e  c a b l e s  a n d  t u n n e l  s e r v i c e s  a s  w e l l *  B e c a u s e  o f  
t h e  d i f f i c u l t y  o f  g a i n i n g  a c c e s s  t o  t h e  c l a y  w i t h  t h e  t r a d i t i o n a l  c l a y  p i c k ,  
p n e u m a t i c  c l a y  s p a d e s  w e r e  i n t r o d u c e d *  P n e u m a t i c  t o o l s  w e r e  a l s o  u s e d  f o r  
b r e a k i n g -  o u t  t h e  o l d  c o n c r e t e  i n v e r t  a n d  r e - t h r e a d i n g  o l d  b o l t s  ( J o n e s  a n d  
C u r r y ,  1 9 2 6 ,  p  2 3 3 ;  F  N  G  T a y l o r ,  o p  c i t ,  p  2 2 3 ) *
T h e  a v a i l a b i l i t y  o f  p n e u m a t i c  t o o l s  f o r  s o f t  g r o u n d  m i n i n g ,  a i d e d  n o  d o u b t  
b y  t h e  p o s t  w a r  s h o r t a g e  o f  t i m b e r ,  m e a n t  t h a t  i t  w a s  n o  l o n g e r  w o r t h w h i l e  
d r i v i n g  a  h e a d i n g  f o r w a r d  o f  t h e  f a c e *  N e i t h e r  t h e  e x t r a  w o r k i n g  s p a c e ,  n o r  
t h e  p o w e r  a s s i s t a n c e  o f  t h e  s h i e l d  w e r e  r e q u i r e d *  T h i s  w o u l d  h a v e  c o n s i d e r ­
a b l y  r e d u c e d  t h e  s e t t l e m e n t  c a u s e d  i n  t u n n e l l i n g ,  b u t  t h e  r a t e s  o f  p r o g r e s s  
w e r e  n o t  i n c r e a s e d *  M r  L a n g f i e l d  o f  C h a r l e s  B r a n d  a n d  S o n  w h o  l i n d l y  g a v e  
t h e  a u t h o r  i n f o r m a t i o n  o n  p r e - w a r  p r a c t i c e  a n d  t h e  B r a n d ' s  t u n n e l l i n g  
m a c h i n e ,  q u o t e d  t h r e e  r i n g s  p e r  s h i f t *  H e  a t t r i b u t e s  t h i s  t o  t h e  d e s i r e  o f  
t h e  p r e - w a r  e n g i n e e r s  t o  a c h i e v e  m a x i m u m  a c c u r a c y  o f  c o n s t r u c t i o n ,  a n d  t h e i r  
b e l i e f  t h a t  i f  t h e  g a n g s  h a d  b e e n  a l l o w e d  t o  b u i l d  a  g r e a t e r  n u m b e r  o f  r i n g s  
i n  t h e  s h i f t ,  t h e  s t a n d a r d s  w o u l d  h a v e  d e t e r i o r a t e d *  G r o v e s  ( 1 9 4 - 5 )  q u o o e G  
f o u r  r i n g s  p e r  s h i f t *
T h e  o t h e r  i m p r o v e m e n t  t o  t h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  t o  b e  s t a r t e d  i n  
1 9 2 3 ,  w a s  t o  e x t e n d  t h e  l i n e  f r o m  C l a p h a m  C o m m o n  t o  M o r d e n *  T h e  c o n t r a c t o r  
f o r  t h e  M o r d e n  t o  T o o t i n g  B r o a d w a y  s e c t i o n  w a s  t h e  F o u n d a t i o n  C o  L t d  a n d  
b e t w e e n  T o o t i n g  a n d  C l a p h a m ,  C h a r l e s  B r a n d  a n d  S o n *  T e n  P r i c e  r o t a r y
i
e x c a v a t o r s  w e r e  e m p l o y e d  d r i v i n g  4 . 2 7  m  ( 14-00 f t )  o f  3 •  56 m  (11 f t  8 / 7 +  i n s )  
t u n n e l  b e t w e e n  t h e m  ( J a c k s o n  a n d  C r o o m e ,  1 9 6 2 ,  p  183 ) *  T h e  r o u t e  v / a s  a t  
t h e  j u n c t i o n  o f  L o n d o n  C l a y  a n d  W o o l w i c h  a n d  R e a d i n g  B e d s *  T h e  e x c a v a t o r s  
a r e  r e m e m b e r e d  a s  b e i n g  d i f f i c u l t  t o  s t e e r  b u t  i n  t h e  h a n d s  o f  e x p e r i e n c e d
T h i s  r a i l w a y  m a i n t a i n e d  i t s  i d e n t i t y  u n t i l  1926 *
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c r e w s  t h e y  d i d  n o t  d e v i a t e  m o r e  t h a n  12 m m  ( - y -  i n * )  f r o m  t h e  d e s i r e d  l i n e  
a n d  l e v e l •
B e t w e e n  1 9 3 0  a n d  1 9 3 2  t h e  P i c c a d i l l y  l i n e  t u n n e l s  w e r e  e x t e n d e d  b y  1 2 . 7 ' k m  
( 7 * 9  m i l e s )  f r o m  F i n s b u r y  P a r k  t o  A r n o s  G r o v e *  U s i n g  p n e u m a t i c  c l a y  s p a d e s  
a n d  G r e a t h e a d  s h i e l d s  a  w e e k l y  a d v a n c e  o f  5 1  r i n g s  ( 2 6  m ;  8 5  f t )  w a s  
a t t a i n e d  ( J a c k s o n  a n d  G r o o m e ,  1962 ) .  T h i s  i s  a  l i t t l e  m o r e  t h a n  h a l f  t h e  
r a t e  t h a t  h a d  b e e n  o b t a i n a b l e  w i t h  t h e  P r i c e  m a c h i n e *
C h a r l e s  B r a n d ’ s  a g a i n  u s e d  a  P r i c e  m a c h i n e  s h o r t l y  b e f o r e  t h e  1 9 3 9 - 4 5  w a r .  
T h i s  w a s  m a n u f a c t u r e d  b y  M a r k h a m  ( E n g i n e e r ,  1 5  J u n e  1 9 5 1 >  p p  7 7 9 - 7 8 0 )  b u t  
w a s  t o  t h e  P r i c e  d e s i g n *  2*96  m  ( 9  f t  8 V 4  i n s )  l o n g  a n d  4 * 6 6  m  ( 1 3  f t  
2  / 4  i n s )  O . D .  i t  w a s  i n t e n d e d  f o r  u s e  w i t h  4 * 4 2  m  ( 1 2  f t  3  i n s )  I . E .  i r o n  
l i n i n g *  I t  w a s  e m p l o y e d  b e t w e e n  1 9 3 6  a n d  1 9 3 9  ( t o g e t h e r  w i t h  s i x  G r e a t h e a d  
s h i e l d s  u s i n g  3 * 6 6  m  ( 1 2  f t  0  i n . )  I . D *  l i n i n g s )  f o r  t h e  e x t e n s i o n  o f  t h e  
N o r t h e r n  l i n e  f r o m  H i g h g a t e  ( n o w  A r c h w a y )  s t a t i o n  t o  E a s t  F i n c h l e y *  A  r a t e  
o f  p r o g r e s s  o f  1 0 0  r i n g s  ( 5 1  m ;  1 6 7  f t )  p e r  w e e k  w a s  a c h i e v e d *  B r a n d ’ s  
u s e d  t h e  s a m e  m a c h i n e  f o r  t w o  o f  t h e  f o r t y  d r i v e s  f o r  t u n n e l s  c o m p l e t e d  i n  
1 9 3 9  f o r  t h e  e a s t w a r d  e x t e n s i o n  o f  t h e  C e n t r a l  L i n e  ( G r o v e s ,  . . 1 9 4 5 ) *
G  C  B r a n d ,  ( o p *  c i t ,  d i s c u s s i o n  p  4 3 - 4 4 )  e x p l a i n s  t h a t ,  a l t h o u g h  o n l y  a  3 * 6 6  m  
(12  f t  0  i n . )  I . D .  t u n n e l  w a s  r e q u i r e d ,  b e t t e r  p r o g r e s s  ( a g a i n  100  r i n g s  
p e r  w e e k )  c o u l d  b e  a c h i e v e d  i f  t h e  e x t r a  7 6  m m  ( 3  i n s )  o f  d i a m e t e r  w a s  
a v a i l a b l e  a s  a n  a l l o w a n c e  f o r  w r i g g l e *  T h e  a v e r a g e  r a t e  o f  p r o g r e s s  w i t h  
G r e a t h e a d  s h i e l d s  a n d  c l a y  s p a d e s  w a s  4 5  r i n g s  (23  m ;  7 5  f t )  p e r  w e e k  h e r e *
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2 . 4  C O N C R E T E
M a s s  c o n c r e t e  h a d  c e r t a i n l y  b e e n  u s e d  f o r  l i n i n g  t u n n e l s  i n  s e l f  s u p p o r t i n g  
g r o u n d  b y  1 8 9 0  ( V / ' R  G a l b r a i t h * ,  1 8 9 3 ,  1 9 0 4 ) .  T h i s  l e d  e n g i n e e r s  t o  c o n ­
s i d e r  s a v i n g  i r o n  b y  r e m o v i n g  t h e  i n v e r t  s e g m e n t s  o f  s h i e l d - d r i v e n  t u n n e l s  
i n  L o n d o n  C l a y  a n d  r e p l a c i n g  i t  w i t h  a  m a s s  c o n c r e t e  i n v e r t  b e f o r e  t h e  t r a c k  
b e d  w a s  l a i d  ( e g  M o i r ,  1 8 9 5 ) *  G r e a t h e a d 1 s  ( 1 8 9 5 )  r e s p o n s e  t o  t h i s  s u g g e s t i o n  
w a s :  1 T h e r e  w e r e  l o c a l i t i e s  n o  d o u b t  w h e r e  c o n c r e t e  c o u l d  b e  m o r e  e c o n o m i c a l  
t h a n  i r o n  b u t  i t  w o u l d  p r o b a b l y  b e  f o u n d  b e s t  i n  s u c h  c a s e s  t o  b u i l d  t h e  
t u n n e l  o f  c o n c r e t e  w i t h  t h e  s h a p e  o f  m o u l d e d  s e g m e n t s  o r  b l o c k s ,  t h o r o u g h l y  
s e t  a n d  h a r d e n e d  b e f o r e  u s e .  C o n c r e t e  i n  t h i s  f o r m  w o u l d  b e  c a p a b l e  a t  
o n c e  o f  r e s i s t i n g  p r e s s u r e  a n d  e x c l u d i n g  w a t e r 1 •
2 . 4 * 1  T u n n e l s  w i t h  g r o u t e d  c o n c r e t e  l i n i n g s  
2 . 4 * 1 . 1  T h e  M c A l p i n e  l i n i n g
I n  1 9 0 3  r e i n f o r c e d  c o n c r e t e  w a s  u s e d  b y  t h e  c o n t r a c t o r s  R o b e r t  M c A l p i n e  a n d  
S o n s  f o r  t h e  l i n i n g  o f  a  2  m  (6  f t )  s e w e r  t u n n e l  i n  G l a s g o w  ( E a s t o n ,  1 9 1 1 ) * *
A n  i m p r o v e d  v e r s i o n  o f  t h i s  l i n i n g  w a s  f i r s t  u s e d  i n  L o n d o n  C l a y  u n d e r  t h e  
N o r w o o d  J u n c t i o n  s t a t i o n ,  C r o y d o n ,  f o r  a  p e d e s t r i a n  s u b w a y  ( C a r t e r ,  1 9 1 1  ) ;  
( M c A l p i n e ,  1 9 1 0 ) .  T h i s  t u n n e l  o f  2 . 8 9  m  ( 9  f t  6 i n s )  i n t e r n a l  d i a m e t e r  
w a s  d r i v e n  w i t h o u t  a  s h i e l d .  T h e  r i n g s  w e r e ' 3 0  c m  (1 f t )  l o n g  a n d  
c o n s i s t e d  o f  s e v e n  s e g m e n t s ,  1 7 * 8  c m  ( 7  i n s )  t h i c k ,  a n d  a  k e y .  T h e  c r o s s  
j o i n t s  b e t w e e n  t h e  s e g m e n t s  h a d  a  t o n g u e  a n d  g r o o v e  f o r m .  T h e  t o n g u e ,
W  R  G a l b r a i t h  w a s  e n g i n e e r  i n  c h a r g e  o f  n e w  w o r k s  f o r  t h e  L o n d o n  a n d  
S o u t h  V J e s t e r n  R a i l w a y  f r o m  1 8 6 2  o n w a r d s j  b e t w e e n  1 8 8 0  a n d  1 8 9 0  h e  w a s  
C o n s u l t i n g  E n g i n e e r  t o  t h e  N o r t h  B r i t i s h  R a i l w a y .  F r o m  1892  o n w a r d s . '  
h e  w a s  c o n c e r n e d  w i t h  u n d e r g r o u n d  r a i l w a y s ,  s t a r t i n g  w i t h  G r e a t h e a d  o n  
t h e  L  &  S V J R  o w n e d  W a t e r l o o  a n d  C i t y  R a i l w a y .  I n  d i s c u s s i o n  i n  1 8 9 3  o n  
R i c k a r d ’ s  1 9 0 0  p a p e r  h e  s a i d  t h a t  h e  h a d  l i n e d  t u n n e l s  o n  t h e  N o r t h  B r i t i s h  
R a i l w a y .  I n  t h e  d i s c u s s i o n  o n  a  p a p e r  b y  W o o d - H i l l  a n d  P a i n  i n  1 9 0 4  h e  
s a i d  h e  h a d  l i n e d  t w o  t u n n e l s  o n  t h i s  r a i l w a y ,  a n d  s o m e  i n  t h e  c h a l k  o n  
t h e  L  &  S V J R ,  w i t h  m a s s  c o n c r e t e .
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w h i c h  w a s  a b o u t  o n e  t h i r d  o f  t h o  t h i c k n e s s  o f  t h e  s e g m e n t ,  b o t t o m e d  i n  
t h e  g r o o v e  s o  t h a t  t h e  o u t e r  t h i r d s  o f  t h e  j o i n t  r e m a i n e d  a s  o p e n  g a p s .
L a t e r  t h e  i n s i d e  g a p  w o u l d  b e  p o i n t e d  a n d  t h e  o u t s i d e  o n e  g r o u t e d .  T h e  
c i r c u m f e r e n t i a l  f a c e s  o f  t h e  r i n g  e a c h  h a d  a  g r o o v e  o f  s e m i - c i r c u l a r  
s e c t i o n  r u n n i n g  r o u n d  t h e m .  W h e n  t h e  c i r c u m f e r e n t i a l  j o i n t  w a s  m a d e ,  a  
r i n g  o f  s t e e l  r o d  o f  2 . 9  c m  ( i V s  i n . )  r o u n d  s e c t i o n  w a s  i n s e r t e d ,  i n  t w o  
p i e c e s ,  i n t o  t h e  s p a c e  b e t w e e n  t h e  s e g m e n t s .  C h a n n e l s  l e d  i n t o  t h i s  s p a c e  
s o  t h a t  w h e n  t h e  r i n g  w a s  g r o u t e d  a n y  c l e a r a n c e  b e t w e e n  t h e  r o d  a n d  t h e  
s e g m e n t s  w a s  f i l l e d  a n d  t h e  r o d  a c t e d  a s  a d d i t i o n a l  c i r c u m f e r e n t i a l  r e i n ­
f o r c e m e n t  a s  w e l l  a s  b e i n g  a  s h e a r  p l u g  f o r  t h e  j o i n t .
T h e  r i n g s  w e r e  m a d e  t o  b r e a k j o i n t  e x c e p t  f o r  o n e  k e y  j o i n t  b e c a u s e  
s u c c e s s i v e  r i n g s  w e r e  r o l l e d  i n  o p p o s i t e  d i r e c t i o n s  b y  t h e  w i d t h  o f  t h e  k e y  
s e g m e n t .  W h i t e  g l a z e d  t i l e s  w e r e  a p p l i e d  d i r e c t l y  t o  t h e  i n t e r i o r  s u r f a c e .  
T h e  c o n c r e t e  w a s  a  r i c h  m i x ,  3 * 1  >  a n d  w a s  m a d e  w i t h  2  c m  Q f h  i n c h )  g r a n i t e  
a g g r e g a t e .  T h e  s e g m e n t s  w e r e  c a s t  i n  c a s t  i r o n  m o u l d s  o n  a  s h a k i n g  t a b l e  
a n d  n o t  r e m o v e d  f o r  t h r e e  d a y s .
I n  1 9 3 1  M c A l p i n e  a n d  S o n s  w o n  a  c o n t r a c t  f o r  s e w e r s  f o r  t h e  W e s t  M i d d l e s e x  
M a i n  D r a i n a g e  ( W a t s o n ,  1 9 3 7 ) .  T h e i r  t e n d e r  i n c l u d e d  a s  a n  a l t e r n a t i v e ,  a  
p r o p o s a l  t o  u s e  t h e  M c A l p i n e  l i n i n g .  T h e  G o v e r n m e n t  h a d  i n f o r m e d  t h e  
C o u n t y  C o u n c i l  t h a t  a  g r a n t  i n  a i d  o f  f i n a n c i n g  t h e  w o r k  w o u l d  b e  c o n d i t i o n a l  
u p o n  ( 1 )  a n  e a r l y  s t a r t ;  ( 2 )  c o m p l e t i o n  w i t h i n  f o u r  y e a r s ;  ( 3 )  90  p e r  
c e n t  o f  t h e  l a b o u r  f o r c e  b e i n g  r e c r u i t e d  f r o m  l o c a l  l a b o u r  e x c h a n g e s ;
( 4 )  7 0  p e r  c e n t  o f  t h e s e  t o  b e  m e n  o r i g i n a l l y  f r o m  t h e  ' d e p r e s s e d  a r e a s ' .
B y  t h i s  t i m e  s e w e r s  o f  c i r c u l a r  s e c t i o n  w i t h  v i t r e o u s  b r i c k  i n n e r  l i n i n g s  
h a d  b e e n  d e c i d e d  u p o n .
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T h e  C o u n t y  C o u n c i l  t h e r e f o r e  c h o s e  M c A l p i n e  l i n i n g s  f o r  38 , 6 2 ^  m  ( 4 . 2 , 2 4 . 0  
y a r d s )  o r  n e a r l y  h a l f  o f  t h e  t u n n e l l e d  s e c t i o n s  b e c a u s e :
( i )  u n t r a i n e d  l a b o u r  c o u l d  b e  u s e d  i n  t h e  c o n c r e t e  c a s t i n g  p l a n t ;
( i i )  w h e r e  t h e  n e w  l i n i n g  r e p l a c e d  b r i c k  t u n n e l s  t h e  d e m a n d  o n  b r i c k  
m a n u f a c t u r e r s  w o u l d  b e  e a s e d ,  s h o r t e n i n g  t h e  t i m e  o v e r  w h i c h  
d e l i v e r i e s  w e r e  m a d e ;
( i i i )  w h e r e  t h e  n o w  l i n i n g  r e p l a c e d  c a s t  i r o n ,  i t  w o u l d  b e  e a s i e r  a n d
q u i c k e r  t o  l a y  t h e  i n n e r  l i n i n g  o f  v i t r e o u s  b r i c k s  s a v i n g  t i m e  a n d  
s k i l l e d  l a b o u r .
T h e  l i n i n g  w a s  m a d e  i n  t h i r t e e n  s i z e s  r a n g i n g  f r o m  1 . 2  m  ( 4 -  f t )  I . D .  t o  
3 * 2  m  ( 1 9  f t  6  i n s )  I . D .  W i t h  b e t t e r  c o n c r e t e  t e c h n o l o g y  t h e  s e g m e n t s
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c o u l d  n o w  b e  m a d e  c h e a p e r  a n d  f a s t e r  b e c a u s e  a  s t r e n g t h  o f  2500  l b / i n ~  a t  
7  d a y s  c o u l d  b e  o b t a i n e d  w i t h  a  c h e a p e r  m i x ;  a l s o  f l i n t  a g g r e g a t e  w a s  
s u i t a b l e  a n d  r e a d i l y  o b t a i n a b l e  l o c a l l y ,  a n d  t h e  m o u l d s  w e r e  o c c u p i e d  f o r  
l e s s  t i m e *  R e i n f o r c i n g  w a s  o m i t t e d  f r o m  t h e  t h i c k e r  s e g m e n t s *  T h e  
c i r c u m f e r e n t i a l  s t e e l  r o d s  b e t w e e n  r i n g s  w e r e  n o w  b e t w e e n  1 c m  ( 3 / 8 ' i n * ) :  
a n d  1 * 6  c m  ( V 8  i n * )  d i a m e t e r  a c c o r d i n g  t o  t h e  r i n g  s i z e *  R i n g s  o f  a l l  
d i a m e t e r s  w e r e  3 0  c m  (1 f t )  l o n g ,  t h o s e  b e l o w  7  f t  9  i n s  d i a m e t e r  c o n s i s t e d  
o f  f i v e  S e g m e n t s  a n d  a  k e y  s e g m e n t ;  a b o v e  t h i s  s i z e  m o r e  s e g m e n t s  w e r e  
u s e d *  T h e  2 * 3 6  m  ( 7  f t  9  i n s )  s i z e  h a d  s e g m e n t s  1 2 . 7  c m  ( 5  i n s )  t h i c k .
T h e  r i n g s  w e r e  r o l l e d  a s  a t  C r o y d o n *
T h e  c o n c r e t e  l i n i n g  w a s  o n l y  u s e d  f o r  t u n n e l s  i n  t h e  c l a y *  T h e  w h o l e  a r e a  
c o n s i s t s  o f  L o n d o n  C l a y  o v e r l a i n  b y  3 t o  6 m e t r e s  ( 1 0  t o  2 0  f t )  o f  f l o o d  
p l a i n  o r  t e r r a c e  g r a v e l s *  T h e  s c h e m e  w a s  d e s i g n e d  s o  t h a t  m o s t  o f  t h e  
t u n n e l l e d  s e w e r s  w o u l d  h a v e  a  c l a y  c o v e r *  T h e  t u n n e l s  w e r e  d r i v e n  w i t h o u t  
a  s h i e l d ,  e x c e p t  f o r  a  s h o r t  e x p e r i m e n t a l  l e n g t h  a t  H a y e s  d r i v e n  w i t h ' a
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G r e a t h e a d  s h i e l d .  T h e  r i n g s  w e r e  g r o u t e d  t o  r e f u s a l  a t  5 5 0 - 6 9 0  k l l / m  
2
( 8 0  t o  1 0 0  l b / i n  )  a f t e r  t h e  j o i n t s  h a d  b e e n  p o i n t e d .  I t  w a s  f o u n d  t h a t  
t h e  g r o u t  l a y e r  w a s  5 t o  7 .5  c m  (2 t o  3 i n c h e s )  t h i c k  -  a b o u t  t w i c e  a s  t h i c k  
a s  t h a t  p r o d u c e d  w h e n  a  s h i e l d  i s  u s e d .  I t  w a s  a l s o  f o u n d  n e c e s s a r y  t o  
p r o v i d e  g r o u t  h o l e s  i n , t h e  b r i c k w o r k ,  w h i c h  u n l i k e  L o n d o n  p r a c t i c e ,  e x t e n d e d  
r o u n d  t h e  w h o l e  3 ^ 0 °  o f  t h e  i n t r a d o s .  W h e n  t h e  c e n t r e s  a n d  l a g g i n s  w e r e  
s t r u c k  t h e  s i n g l e  b r i c k  i n n e r  l i n i n g  o f t e n  s e p a r a t e d  f r o m  t h e  c o n c r e t e  a t  
t h e  c r o w n ,  l e a v i n g  t h e  s p a c e  w h i c h  n e e d e d  g r o u t i n g .
W a t s o n  s t a t e s  t h a t  t h e  l i n i n g s  c o u l d  b e  e r e c t e d  ' w i t h  a  t o l e r a n c e  o f  - 1  i n c h  
i n  l i n e  a n d  l e v e l 1 .  H e  d o e s  n o t  s a y  h o w  t r u l y  c i r c u l a r  t h e  t u n n e l s  w e  r e  o r  
h o w  t h e  s h a p e  o f  t h e  r i n g s  w a s  c o n t r o l l e d .  T h e  t u n n e l s  w e r e  w a t e r t i g h t  
e v e n  b e f o r e  t h e  b r i c k  l i n i n g ,  w h i c h  w a s  c h o s e n  f o r  i t s  r e s i s t a n c e  t o  
a b r a s i o n  a n d  h e n c e  c o n s t a n t  h y d r a u l i c  f r i c t i o n ,  w a s  p l a c e d .  T h e  b r i c k  
l i n i n g  c o u l d  t h e r e f o r e  b e  b u i l t  i n  l o n g  l e n g t h s  w h i c h  r e s u l t e d  i n  m o r e  
s a t i s f a c t o r y  w o r k .  I ,
A n  e x a m p l e  o f  t h e  u s e  o f  t h e  M c A l p i n e  s e g m e n t s  w i t h o u t  a  s e c o n d a r y  l i n i n g  
i s  t h e  t u n n e l  d r i v e n  t h r o u g h  L o n d o n  C l a y  f r o m  t h e  S h e l l  B u i l d i n g  t o  a  s h a f t  
i n  t h e  b e d  o f  t h e  T h a m e s .  T h i s  t u n n e l  i s  3 * 0 5  m  (10  f t )  i n t e r n a l  d i a m e t e r  
a n d  c a r r i e s  t w o  0 . 6 9  m  ( 2 7  i n s )  c o o l i n g ,  w a t e r  p i p e s .  T h e  c o n c r e t e  o f  t h e  
s e g m e n t s  i s  r e i n f o r c e d  ( M e a s o r  a n d  W i l l i a m s ,  1962 ) .
2 . 4 . 1 . 2  B o l t e d . r e i n f o r c e d - c o n c r e t e  l i n i n g s
I n  1 9 3 7  w h i l s t  t h e  t h e n  L o n d o n  P a s s e n g e r  T r a n s p o r t  B o a r d  w a s  e x t e n d i n g  t h e  
n e t w o r k  o f  t u b e  r a i l w a y s  t h e  d e m a n d s  o f  t h e  n a t i o n ' s  r e a r m a m e n t  p r o g r a m m e  
b e g a n  t o  a f f e c t  t h e  s u p p l y  o f  i r o n .  T h e  B o a r d  a n d  i t s  c o n s u l t a n t s  b e g a n  
t o  i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  o f  r e p l a c i n g  t h e  c a s t - i r o n  s e g m e n t s  w i t h
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r e i n f o r c e d  c o n c r e t e .  A s  a  r e s u l t  a  b o l t e d  r e i n f o r c e d  c o n c r e t e  l i n i n g  w a s  
d e s i g n e d  a n d  4 « 4  k m  ( 2 / 4  m i l e s )  o f  t u n n e l  o n  t h e  I l f o r d  b r a n c h  o f  t h e  
C e n t r a l  L i n e  b e t w e e n  R e d  B r i d g e  a n d  N e w b u r y  P a r k  s t a t i o n s  w e r e  l i n e d  w i t h  
i t  b e f o r e  t h e  s t a r t  o f  t h e  w a r .  A  v e r s i o n  o f  i t  w a s  a l s o  u s e d  t o  l i n e  
t u n n e l s  u s e d  a s  d e e p  a i r - r a i d  s h e l t e r s  ( G r o v e s ,  1 9 4 3 J  A n d e r s o n ,  1 9 3 8 ) .
A  r i n g  o f  t h e  l i n i n g  i s  3 » 7 3  m  ( 1 2  f t  3  i n s )  I D ;  3 . 9 8  m  ( 1 3  f t  0V 4.  i n s )
O D  w i t h  3 1  h o l e s  a r o u n d  t h e  c i r c u m f e r e n c e *  I t  i s  $ 1  c m  ( 2 0  i n s )  l o n g  a n d  
c o n s i s t s  o f  s i x  l o n g  s e g m e n t s  a n d  a  k e y  4 3  c m  ( 1 5 V 4 -  i n s )  l o n g  a t  t h e  
i n t r a d o s •
T h e  s e g m e n t s  h a v e  a n  u n r e i n f o r c e d  s k i n  5  c m  ( 2  i n s )  t h i c k .  T h e  c i r c u m ­
f e r e n t i a l  f l a n g e s  h a v e  a  f u l l  d e p t h  o f  $ / 8  i n s  a n d  a r e  1 0  c m  ( A  i n s )  w i d e .
T h e y  a r e  r e i n f o r c e d  w i t h  f o u r  1  c m  ( 3 / 8  i n . )  d i a m e t e r  s t e e l  b a r s  w i t h  0 . 6  c m  
0 / 4  i n . )  d i a m e t e r  s t i r r u p s .  A l s o  i n c l u d e d  i n  t h e  f l a n g e s  a r e  s t e e l  
f e r r u l e s  t o  l i n e  t h e  b o l t  h o l e s .  T h e  c r o s s  f l a n g e s  h a v e  s i m i l a r  r e i n f o r c e ­
m e n t  a n d  f e r r u l e s .  P a r a l l e l  t o  t h e  c r o s s  f l a n g e s  t h e r e  a r e  f o u r  r i b s  w h i c h  
w e r e  t o  r e s i s t  j a c k i n g  f o r c e s .  T h e s e  h a v e  a  t r a p e z o i d a l  s e c t i o n  b e i n g  
5  c m  ( 2  i n s )  w i d e  a t  t h e  i n t r a d o s  a n d  1 0 . $  c m  ( 4 V 8 i n s )  w i d e  w h e r e  t h e y  
m e e t  t h e  s k i n ,  a n d  a r e  r e i n f o r c e d  w i t h  t w o  1  c m  ( 3 / 8  i n . )  b a r s .  T h e
r e i n f o r c e m e n t  c o n s t i t u t e s  2 . 1  p e r  c e n t  o f  t h e  t o t a l  v o l u m e  o f  t h e  s e g m e n t
a n d  a l t h o u g h  t h e  c o n c r e t e  m a d e  g o o d  q u a l i t y  t e s t  c u b e s  / ~ 4 1 M k / m ^  
o
(6000  l b / i n  )  a t  2 8  d a y s  7  t h e  s u r f a c e s  o f  t h e  r e i n f o r c e d  r i b s  a n d  f l a n g e s  
s h o w  m a n y  f i n e  c r a c k s .  I n  t e s t s  b y  t h e  B u i l d i n g  R e s e a r c h  S t a t i o n  o n  
s i m i l a r  s e g m e n t s  t h i s  d e f e c t  i s  r e f l e c t e d  i n  t h e  v e r y  l o w  f l e x u r a l  m o d u l u s  
m e a s u r e d  ( W a r d ,  1966 ) .
I n  b u i l d i n g  t h e  l i n i n g  m o r e  t h a n  u s u a l  c a r e  w a s  r e q u i r e d  i n  h a n d l i n g  t h e
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s e g m e n t s  a n d  3 m m  (  / 8  i n * )  t h i c k  b i t u m e n - h e s s i a n  p a c k i n g  w a s  p l a c e d  i n  
t h e  c r o s s  j o i n t s *  A l s o  g r o m m e t s  w e r e  u s e d  u n d e r  t h e  b o l t  w a s h e r s .  T h e  
r i n g s  w e r e  e r e c t e d  w i t h  a  t w o  h o l e  b r e a k p o i n t  b y  p l a c i n g  t h e  k e y  s u c c e s s i v e l y  
t w o  h o l e s  r i g h t ,  c e n t r a l ,  t w o  h o l e s  l e f t  a n d  s o  o n *  C o n v e n t i o n a l  s o f t  
w o o d  p a c k i n g  w a s  u s e d  b e t w e e n  t h e  r i n g s .
T h i s  c o n c r e t e  l i n i n g  b e a r s  a  s t r o n g  r e s e m b l a n c e  t o  t h e  i r o n  l i n i n g  w h i c h  i t  
r e p l a c e d *  T h e  r e a s o n s  g i v e n  f o r  t h i s  a r e :
( i )  t h a t  t h e  B o a r d  w i s h e d  t o  u s e  t h e  s a m e  c a b l e  b r a c k e t s ,  l i g h t i n g  a n d
t e l e p h o n e  w i r e  f i x t u r e s  t h a t  w e r e  u s e d  i n  t h e  i r o n  l i n e d  t u n n e l s .  
S i n c e  t h e s e  f i t t i n g s  w e r e  a t t a c h e d  b y  t h e  c i r c u m f e r e n t i a l  b o l t s  i n  
t h e  i r o n  l i n i n g  t h e n  t h e  c o n c r e t e  l i n i n g  w o u l d  h a v e  t o  h a v e  
s i m i l a r  b o l t s *
( i i )  T h e  s i g n a l l i n g  a p p a r a t u s  w a s  f i t t e d  ‘ i n  t h e  b e l l y  o f  t h e  i r o n *  i e
b e t w e e n  t h e  f l a n g e s .
( i i i )  T h e  s a m e  s h i e l d  t h a t  w a s  u s e d  f o r  t h e  i r o n  l i n i n g  o f  3 * 6 6  m  I D  a n d
3 * 9  n i  O D  ( 1 2  f t  0  i n .  I D  a n d  1 2  f t  9 ^ / 4 -  i n s  O D )  w a s  t o  b e  u s e d  
f o r  t h e  c o n c r e t e  l i n i n g .
A f t e r  s o m e  d e v e l o p m e n t  w o r k  h a d  b e e n  d o n e  w i t h  a  c o n c r e t e  r i n g  o f  t h e  s a m e  
I D  a n d  O D  a s  t h e  i r o n  l i n i n g ,  i t  w a s  f o u n d  t h a t  r e q u i r e m e n t s  ( i i )  a n d  ( i i i )  '  
w e r e  i n c o m p a t i b l e .  I f  t h e  r i n g  w a s  o n l y  5 1  c m  ( 2 0  i n c h e s )  l o n g  t o  s u i t  
t h e  s t r o k e  o f  t h e  s h i e l d  r a m s  t h e n  t h e  s i g n a l s  w o u l d  n o t  f i t  i n  t h e  b e l l y  
o f  t h e  i r o n .  I n  o r d e r  t o  c l e a r  t h e  s t r u c t u r e  g a u g e  t h e  I D  o f  t h e  l i n i n g  
w a s  i n c r e a s e d  t o  3 * 7 3  m  (12  f t  3  i n s ) .  :
B e c a u s e  o f  t h e  c r o s s  r i b s  t h e  p i t c h  o f  t h e  c i r c u m f e r e n t i a l  b o l t  h o l e s  w a s  
3 9  c m  ( 1 5 . 3  i n s )  c o m p a r e d  w i t h  2 2  c m  ( 8 .8  i n s )  i n  t h e  i r o n  l i n i n g .  T h e s e
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d i s t a n c e s  d o  n o t  h a v e  a  s m a l l  l o w e s t  c o m m o n  b u l t i b l e  s o  p r e s u m a b l y  t h e  
c a b l e  b r a c k e t s  d i d  n o t  f i t  e i t h e r .
H e n c e  n o n e  o f  t h e  o p e r a t i o n a l  r e q u i r e m e n t s  w a s  m e t  a n d  o n e  i s  t e m p t e d  t o  
a c c e p t  t h e  s i m p l e r  e x p l a n a t i o n  t h a t  t h e  o l d  f o r m  o f  l i n i n g  w a s  m e r e l y  c o p i e d  
i n  c o n c r e t e ,  w h i c h  a s  i t  i s  w e a k e r  r e q u i r e d  t h i c k e r  s e c t i o n s .  S o m e  
d i f f i c u l t y  w a s  e x p e r i e n c e d  g e t t i n g  i n  t h e  l a r g e ,  h e a v y  k e y  s e g m e n t s .  A  
w h o l e  r i n g  o f  l i n i n g  w e i g h s  5280  k g  (5  t o n s  U c w t )  c o m p a r e d  w i t h  1680  k g  
(1 t o n  13  c w t )  f o r  c o n v e n t i o n a l  i r o n .
O n  t h e  C e n t r a l  L i n e  t h e s e  s e g m e n t s  w e r e  o n l y  u s e d  i n  t h e  L o n d o n  C l a y  a n d  
s i n c e  ' t u b e 1 t u n n e l s  a r e  v e r y  w e l l  v e n t i l a t e d  b y  t h e  p i s t o n  e f f e c t  o f  t h e  
t r a i n s  n o  d i f f i c u l t i e s  w e r e  e x p e r i e n c e d  d u e  t o  c o r r o s i o n  o f  t h e  r e i n f o r c e m e n t .
T h e  s a v i n g  i n  c o s t  r e p o r t e d  b y  d r o v e s  w a s  2 5  p e r  c e n t  i n  c o m p a r i s o n  w i t h  t h e  
c o s t  o f  e q u i v a l e n t  l i n i n g s  a t  t h a t  t i m e .  D r  A n d e r s o n  f o u n d e d  a n  i n d u s t r y  • 
w h e n  h e  d e s i g n e d  t h i s  l i n i n g  f o r  d e s p i t e  i t s  s h o r t c o m i n g s  i t  p r o v i d e s  a  
c h e a p  l i n i n g  w h i c h  c a n  b e  u s e d  w i t h  o r  w i t h o u t  a  s h i e l d  a n d  i s  a v a i l a b l e  i n  
a  r a n g e . o f  s i z e s  v i r t u a l l y  ' o f f  t h e  s h e l f ' .  T h e  c o n t e m p o r a r y  p r o d u c t  h a s  
a n  a d e q u a t e  c o n c r e t e  c o v e r  o v e r  t h e  r e i n f o r c e m e n t ,  a  h i g h  s t a n d a r d  o f  f i n i s h  
a n d  i s  f r e q u e n t l y  u s e d  i n  w a t e r - b e a r i n g  g r o u n d .  I t  n o w  h a s  a  c a u l k i n g  
g r o o v e  ( F i g  2 0 a ) .
D o i t e d  c o n c r e t e  s e g m e n t s  a r e  o f t e n  u s e d  f o r  s m a l l  t u n n e l s  b u i l t  w i t h o u t  a  
s h i e l d .  E x a m p l e s  a r e  s e w e r s ,  c a b l e  t u i p e l s  a n d  p e d e s t r i a n  s u b w a y s  w h i c h  
m a y  c o n s i s t  o f  s h o r t  s t r a i g h t  s e c t i o n s  m e e t i n g  a t  s h a r p  e l b o w  b e n d s .  T h e  
r i n g s  o f  a  s m a l l  t u n n e l  a r e  s t i f f  e n o u g h  t o  b e  b u i l t  o n t o  t h e  e n d  o f  t h e  
f i n i s h e d  l e n g t h  o f  l i n i n g  a n d  h o l d  t h e i r  s h a p e  i n  a n  i r r e g u l a r l y  s h a p e d
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Fig.20a Bolted reinforced-concrete segment of 19 74 
with cas t- i ron  segment of 1886 from the 
City and South London Railway
if /a / p
Fig.20b Segments of Mott, Hay and Anderson 
flexibly jointed cas t - i ron  lining
e x c a v a t i o n .  O n c e  t h e  r i n g  h a s  b e e n  g r o u t e d  a n d  b e c o m e  p a r t  o f  t h o  t u n n e l  
h o w e v e r ,  t h e  b o l t s  a r e  u n n e c e s s a r y .  T h e  d i s a d v a n t a g e  o f  t h e  o r d i n a r y  
b o l t e d  r i n g s  f o r  t u n n e l s  s u c h  a s  s e w e r s  i s  t h a t  a  s e c o n d a r y  l i n i n g  i s  
r e q u i r e d  t o  m a k e  t h e  i n t e r i o r  s m o o t h .
A  l i n i n g  c o m b i n i n g  t h e  s m o o t h  b o r e  o f  t h e  M c A l p i n e  l i n i n g  w i t h  t h e  v e r s a ­
t i l i t y  o f  t h e  b o l t e d  l i n i n g  w a s  i n t r o d u c e d  b y  S p u n  C o n c r e t e  L t d  i n  1 9 5 6  
( G u y m e r  a n d  D e e ,  1 9 6 1 ) •  S u p e r f i c i a l l y  t h e  s e g m e n t s  r e s e m b l e  t h o s e  o f  t h e  
M c A l p i n e  l i n i n g ,  b u t  t h e  f i n i s h e d  t u n n e l  r i n g s  c o n t a i n  n o  s t e e l .  E a c h  
p l a i n  c o n c r e t e  s e g m e n t  i s  s e n t  t o  t h e  f a c e  w i t h  a  c u r v e d  s t e e l  c h a n n e l  
b o l t e d  t o  i t s  c i r c u m f e r e n t i a l  c e n t r e  l i n e  ( F i g  2 0 c ) .  C o a r s e  s c r e w  t h r e a d s  
a r e  c a s t  i n t o  t h e  c o n c r e t e  f o r  t h i s  p u r p o s e .  T h e  e n d s  o f  t h e  s t e e l  c h a n n e l  
a r e  c l o s e d  b y  s t o u t  p l a t e s  p o s i t i o n e d  r a d i a l l y  a n d  i n  l i n e  w i t h  t h e  e n d s  
o f  t h e  s e g m e n t  t h a t  f o r m  t h e  c r o s s  j o i n t s .  T h e  r a d i a l  s t e e l  p l a t e s  h a v e  
a  g r o u n d  s u r f a c e  o f  a b o u t  10  c m  x  10  c m  ( A  i n s  x  A  i n s )  w i t h  a  h o l e  a t  t h e  
c e n t r e .  T h e s e  h o l e s  e n a b l e  a  n u m b e r  o f  t h o s e  c h a n n e l s  t o  b e  b o l t e d  
t o g e t h e r  t o  m a k e  a  v e r y  s t i f f  f o r m e r  r i n g .  B y  b o l t i n g  t h e m  t o g e t h e r  w i t h ' ' ,  
t h e  c o n c r e t e  s e g m e n t s  a t t a c h e d  t o  t h e m  a  s t i f f  t u n n e l  r i n g  i s  b u i l t .  T h e  
k e y  s e g m e n t  o f  t h e  c o n c r e t e  r i n g  h a s  a  c o r r e s p o n d i n g  k e y  s e g m e n t  o f  t h e  
f o r m e r  r i n g  b o l t e d  t o  i t .  T h e  a d j a c e n t  ’ t o p 1 s e g m e n t s  o f  
b o t h  t h e  c o n c r e t e  l i n i n g  a n d  t h e  s t e e l  f o r m e r  r i n g  a r e  s h a p e d  t o  f i t  t h e i r  
r e s p e c t i v e  k e y  s e g m e n t s .  H o l e s  i n  t h e  s i d e  o f  t h e  s t e e l  f o r m e r  s e g m e n t s  
e n a b l e  t i e  b a r s  t o  p a s s  f r o m  o n e  r i n g  t o  t h e  n e x t .  T h e  t i e  b a r s  a r e  
t h r e a d e d  s o  t h a t  n u t s  m a y  b e  u s e d  t o  t i g h t e n  t h e  t i e  b a r s  a n d  c l o s e  t h e  
c i r c u m f e r e n t i a l  j o i n t s  b e t w e e n  s u c c e s s i v e  r i n g s .  T h e  r i n g  i s  g r o u t e d  i n  
t h e  o r d i n a r y  w a y  a n d  w h e n  t h e  g r o u t  h a s  h a r d e n e d  t h e  s t e e l  f o r m e r  r i n g  m a y  
b e  d i s m a n t l e d  a n d  r e t u r n e d  t o  t h e  s u r f a c e  f o r  r e - u s e .
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Fig. 20c ' Flexilock' lining by Spun Concrete Ltd.
showing segmented former-ring
c f/c v  7  J
K n u c k l e  j o i n t s  c u r e  u s e d  b o t h  c i r c u m f e r e n t i a l l y  a n d  l o n g i t u d i n a l l y *  I n  
o r d e r  t o  a v o i d  a  f e a t h e r  e d g e  o n  t h e  c o n c a v e  p a r t  o f  t h e  j o i n t ,  t h e  
k n u c k l e  d o e s  n o t  r e a c h  t h e  e d g e  o f  t h e  s e g m e n t *  A t  t h e  e x b r a d o s  i t  i s  
r e l i e v e d  t o  p r o v i d e  c l e a r a n c e  a n d  a t  t h e  i n t r a d o s  i t  r u n s  i n t o  a  c a u l k i n g  
g r o o v e #  B e t w e e n  t h e  c o n c r e t e  s u r f a c e s  o f  t h e  k n u c k l e  j o i n t  t h e r e  i s  a  
s t r i p  o f  s o f t  r u b b e r - b i t u m e n  c o m p o u n d #  T h i s  c u s h i o n s  t h e  j o i n t  a g a i n s t  
h i g h  c o n t a c t  s t r e s s  d u e  t o  m i n o r  i m p e r f e c t i o n s  o f  t h e  m a t i n g  s u r f a c e s  o r  
i n a c c u r a t e  a s s e m b l y *  I t  a l s o  p r o v i d e s  a  p r i m a r y  w a t e r p r o o f  s e a l  w h i c h  
w i t h s t a n d s  s l i g h t  c h a n g e s  o f  t h e  s h a p e  o f  t h e  r i n g  d u r i n g  t h e  e a r l y  l i f e  
o f  t h e  t u n n e l *  -
T h i s  l i n i n g  i s  m a d e  i n  v a r i o u s  s i z e s  f r o m  1  * 3 7  m  ( 5 4  i n s )  i n t e r n a l  d i a m e t e r ,  
c o n s i s t i n g  o f  t e n  s e g m e n t s  8 . 3  c m  ( 3V 4  i n s )  t h i c k ,  u p  t o  3 . 6 7  m  ( 1 2  f t )  
i n t e r n a l  d i a m e t e r  m a d e  u p  o f  e i g h t e e n  s e g m e n t s  1 7 . 8  c m  ( 7  i n s )  t h i c k .  T h e  
l a t t e r  r i n g  w e i g h s  3 1 3 8  k g  ( 6 9 1 8  l b s ) .  A l l  t h e  r i n g s  a r e  5 6  c m  ( 2 2  i n s )  
l o n g #  T h i s  l i n i n g  h a s  b e e n  u s e d  i n  t h e  L o n d o n  C l a y  a t  m a n y  p l a c e s  
i n c l u d i n g  S t  P a n c r a s ,  C r o y d o n ,  H o u n s l o w ,  H a r r o w ,  E a l i n g ,  H a m m e r s m i t h  a n d  
S o u t h e n d #
S i n c e  1 9 5 6  a  n u m b e r  o f  d e s i g n s  h a v e  a p p e a r e d  w h i c h  s o l v e  t h e  s a n e  p r o b l e m .  
K i n n e a r  H o o d i e  ( C o n c r e t e )  L t d  ( n o w  C h a r c p n  T u n n e l s )  p r o d u c e d  a  ‘ R a p i d 1 
l i n i n g  i n  1 9 6 2  ( C a r d w e l l ,  G u t h r i e  a n d  M c B e a n ,  1 9 6 3 )  a n d  t h e  ‘ U n i v e r s a l 1 
l i n i n g  w i t h  c i r c u m f e r e n t i a l  t i e  b a r s  i n  1 9 7 2  ( T u n n e l s  a n d  T u n n e l l i n g ,  H a y  
1 9 7 2 ,  p  1 8 8 )  ( s e e  F i g  2 0 d ) .  I n  t h e  l a t t e r ,  t h e  c r o s s - j o i n t  b o l t s  a r e  
r e p l a c e d  b y  c i r c u m f e r e n t i a l  t i e  b a r s  j o i n e d  b y  p a i r s  o f  l i n k e d  n u t s .  A  
p a i r  o f  b a r s  i s  a t t a c h e d  t o  t h e  l i n l c s  o f  t h e  l a s t  p l a c e d  s e g m e n t  a n d  a n o t h e r  
s e g m e n t  i s  p a s s e d  o v e r  t h e m .  T h e  n e : c t  t w o  p a i r s  o f  l i n k e d  n u t s  a r e  t h e n  
s c r e w e d  o n  t o  t h e  t h r e a d e d  e n d s  o f  t h e  b a r s  w h i c h  p r o t r u d e  i n t o
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Fig.20d Kinnear Moodie 'Universal '  lining showing 
a segment of circumferential tie bar with 
one of its connecting l in k s .
’ c o u n t e r  b o r e s ’  a t  t h e  e n d s  o f  d u c t s  i n  t h e  s e g m e n t s .  T i g h t e n i n g  t h e  
n u t s  a g a i n s t  t h e  b o t t o m s  o f  t h e  ’ c o u n t e r  b o r e s '  t e n s i o n s  t h e  r o d s  a n d  
c l o s e s  t h e  c r o s s  j o i n t  a t  t h e  o t h e r  e n d  o f  t h e  s e g m e n t .  S i n c e  t h e  b a r s  
c a n n o t  b e  a  c l o s e  f i t  i n  t h e  d u c t s  i n  c o n c r e t e ,  t h e  r e s u l t i n g  a s s e m b l y  i s  
r a t h e r  s p r i n g y .  S i n c e  t h e r e  i s  n o  e q u i v a l e n t  o f  c i r c u m f e r e n t i a l  j o i n t  
b o l t s ,  t h e  n e w l y  b u i l t  r i n g  c a n  g a i n  n o  s u p p o r t  f r o m  a  p r e v i o u s  o n e  t h a t  
i s  a l r e a d y  g r o u t e d .  ;  H e n c e  t h e  l a c k  o f  r i g i d i t y  o f  t h e  c r o s s  j o i n t s  i s  a  
n u i s a n c e .  C h a r c o n  T u n n e l s  p o i n t  o u t  t h a t  t h e s e  s e g m e n t s  m a y  a l s o  b e  
. b u i l t  b y  t h e  m e t h o d  d e s c r i b e d  i n  s e c t i o n  2 . 4- . 2 .
W i l l i a m  R e e s  L t d ’ s  s o l u t i o n  f o r  v e r y  s m a l l  t u n n e l s  o f  1 .0  m  ( 3 9  i n s )  a n d  ;
1 .2  m  (/+7g i n s )  i s  t o  m a k e  a  p l a i n  c o n c r e t e  l i n i n g  o f  o n l y  t h r e e  s e g m e n t s  
w i t h  o n l y  t h r e e  k n u c k l e  j o i n t s .  T h i s ,  o f  c o u r s e ,  p r o v i d e s  a  s t a b l e  
s t r u c t u r e .  E a c h  s e g m e n t  h a s  f o u r  l o n g i t u d i n a l  V - g r o o v e s  e q u a l l y  s p a c e d  
o n  b o t h  t h e  i n s i d e  a n d  o u t s i d e  s u r f a c e s .  T h e s e  a c t  a s  s t r e s s  r a i s e r s  s o  
t h a t  a s  t h e  t u n n e l  d e f o r m s  f r o m  i t s  o r i g i n a l l y  c i r c u l a r  s h a p e  a d d i t i o n a l  
’ j o i n t s ’ , f o r m  b y  f r a c t u r e .  S i n c e  t h e  r i n g  i s  i n  c o m p r e s s i o n  a n d  t h e  
f r a c t u r e  s u r f a c e s  a r e  r o u g h ,  d i s p l a c e m e n t s  d o  n o t  o c c u r  a l o n g  t h e m .  T h e  
u s e  o f  s l o w - s e t t i n g  w e a k  g r o u t  a s s i s t s  t h e  p r o c e s s .  I n i t i a l l y  t h e  o v e r b r e a k  
i s  f i l l e d  w i t h  p e a  g r a v e l ,  h e n c e  t h e r e  i s  n o  r i s k  o f  t h e  t u n n e l  m o v i n g  i n  
t h e  s e m i - f l u i d  g r o u t  ( R e e s ,  G a r n e t t  a n d  R i c h a r d s o n ,  1 9 6 9 ) .
W i l l i a m  R e e s  m a n u f a c t u r e  a  s h i e l d  f o r  t h i s  s o - c a l l e d  ' m i n i  - t u n n e l '  •  T h e  
d e m a n d  f o r  a  s m a l l  b o r e  s e g m e n t a l  t u n n e l l i n g  s y s t e m  h a s  a r i s e n  b e c a u s e  t h e  
p r e v i o u s l y  u s e d  a l t e r n a t i v e s  o f  p i p e  l a y i n g  i n  o p e n  t r e n c h e s  o r  i n  t i m b e r e d  
h e a d i n g s  h a v e  b e c o m e  u n a c c e p t a b l e  d u e  t p  t h e  g r e a t l y  i n c r e a s e d  u s e  o f  t h e  
r o a d s  i n  o n e  c a s e  a n d  i n c r e a s e d  c o s t  o f n l a b o u r  a n d  t i m b e r  i n  t h e  o t h e r .  A l s o ,
79'
o f  c o u r s e ,  t h e  s e c u r i t y  o f  t h e  s h i e l d  s y s t e m  a n d  t h e  c o n f i n e m e n t  o f  n o i s e
f a v o u r  t h i s  a s  t h e y  d o  o t h e r  a p p l i c a t i o n s  o f  t u n n e l l i n g  i n  u r b a n  s i t u a t i o n s *
2 . 4 . 2  T u n n e l  l i n i n g  w i t h o u t  g r o u t i n g
T h e  T h a m e s  h a s  o n l y  i n t e r m i t t e n t l y  b e e n  a  s o u r c e  o f  p o t a b l e  w a t e r  f o r
L o n d o n ;  t h e  c o n f l i c t i n g  r e q u i r e m e n t s  o f  t r a n s p o r t ,  f i s h e r y ,  m i l l i n g  a n d
s e w a g e  d i s p o s a l  h a v e  d e m a n d e d  a t  v a r i o u s  t i m e s  t h a t  ’ s w e e t  w a t e r s  b o  b r o u g h t
f r o m  a f a r 1 *  T h e  C i t y  C o n d u i t  c o n v e y e d  w a t e r  f r o m  s p r i n g s  a t  H a m p s t e a d  a t  
a  v e r y  e a r l y  d a t e *  T h e  d e m a n d s  f o r  q u a n t i t y  o v e r c a m e  t h o s e  f o r  q u a l i t y  
a n d  t h e  L o n d o n  B r i d g e  W a t e r w o r k s  w a s  b u i l t  u n d e r  L o n d o n  B r i d g e  b y  1 5 8 1  u s i n g  
w a t e r w h e e l s  t o  r a i s e  t h e  w a t e r *  I n  1 6 1 3  S i r  H u g h  M y d d l e t o n 1 s  H e w  R i v e r  
( D a v i d s o n ,  1 9 4 - 8 )  b r o u g h t  w a t e r  6 2  k m  ( 3 9  m i l e s )  f r o m  s p r i n g s  a t  C h a d w c l l  a n d
i t
A m x / e l l  i n  H e r t f o r d s h i r e  w h e r e  t h e  R i v e r  L e e  h a d  c u t  d o w n  i n t o  t h e  C h a l k .
T h e  f i r s t  c a l l  o n  w a t e r  f r o m  t h e  L e e  i t s e l f  w a s  f o r  n a v i g a t i o n ,  t h i s  
i n t e r e s t  h a v i n g  b e e n  p r o t e c t e d  s i n c e  1 4 - 2 5  b y  R o y a l  S t a t u t e  ( 2  H e n  V I  a n d  
3  H e n  V I  C j > )  a l t h o u g h  i n  1 7 3 8  t h e  N e w  R i v e r  C o m p a n y  w a s  g i v e n  P a r l i a m e n t a r y
p o w e r s  t o  d i v e r t  s o m e  o f  t h e  f l o w *
W h e n . t h e  s p r i n g s  c o u l d  n o t  l o n g e r  m e e t  d e m a n d ,  b o r e h o l e s  w e r e  s u n k  t h r o u g h  
t h e  L o n d o n  C l a y  t o  t h e  C h a l k  d i r e c t l y  b e n e a t h .  T h o s e  b o r e s  w e r e  m o s t l y  
p r i v a t e l y  o w n e d  b y  b r e w e r i e s  a n d  l a t e r ,  l a u n d r i e s ,  t h e  p r o p o r t i o n  o f  t h e  
t o t a l  s u p p l y  c o m i n g  f r o m  t h i s  s o u r c e  r e a c h e d  1 8  p e r  c e n t  ( D a v i e s ,  1 9 3 9 ) *
W a t e r  t a k e n  s t r a i g h t  f r o m  t h e  T h a m e s  w a s  f i r s t  f i l t e r e d  i n  1 8 2 9  b y  J a m e s  
S i m p s o n  ( D a v i d s o n ,  1 9 4 - 8 )  b u t  i t  w a s  n o t  u n t i l  a f t e r  t h e  c h o l e r a  e p i d e m i c  o f  
1 8 4 - 8 - 9  t h a t  i n  1 8 5 2  t h e  M e t r o p o l i t a n  W a t e r  A c t  d e m a n d e d  t h a t  w a t e r  b e  t a k e n -
A l t h o u g h  ’ L e a 1 i s  t h e  s p e l l i n g  a d o p t e d ,  b y  t h e  O r d n a n c e  S u r v e y ,  L e e  i s  f o u n d  
i n  t h e  o l d e s t  s t a t u t e s  a n d  i s  p r e f e r r e d  b y  t h e  M e t r o p o l i t a n  W a t e r  B o a r d *
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f r o m  b e y o n d  t h e  t i d a l  l i m i t  a n d  a l s o  f i l t e r e d .  T h e  i n t a k e s  o f  v a r i o u s  
c o m p a n i e s  a p p e a r e d  f u r t h e r  u p  t h e  r i v e r  a n d  t h e  m a i n s  g o t  l o n g e r  a n d  l o n g e r *  
I n  1 8 6 7  t h e  E a s t  L o n d o n  W a t e r  C o m p a n y  o b t a i n e d  p o w e r s  t o  t a k e  w a t e r  f r o m  
S u n b u r y - o n - T h a m e s ,  a  0 * 9 1  m  (36  i n s )  m a i n  t o o k  f i l t e r e d  w a t e r  t o  a  
r e s e r v o i r  a t  F i n s b u r y  P a r k .
A s  L o n d o n  b e c a m e  l a r g e r ,  m o r e  w a t e r  w a s  r e q u i r e d  b u t  t h e  d i f f i c u l t i e s  o f  
f i n d i n g  r o u t e s  f o r  n e w  m a i n s  i n c r e a s e d .  E v e n t u a l l y  t h e  M e t r o p o l i t a n  W a t e r  
B o a r d  d e c i d e d  t o  b u i l d  l a r g e  s t o r a g e  r e s e r v o i r s  i n  t h e  L e e  V a l l e y  i n  o r d e r  
t o  c a p t u r e  t h e  w i n t e r  f l o w .  T h e  l a s t  o f  t h e s e  w a s  c o m p l e t e d  i n  1 9 3 9 *  I n  
1 9 4 * 3 - 4 4  t h e  d e p l e t i o n  o f  t h e  r e s e r v o i r s  d u r i n g  t h e  h o t  s u m m e r  w a s  n o t  m a d e  
g o o d  d u r i n g  t h e  d r y  w i n t e r  t h a t  f o l l o w e d .  A f t e r  t h e  w a r  i t  b e c a m e  a p p a r e n t
t h a t  t h e s e  r e s e r v o i r s  w o u l d  h a v e  t o  b e  r e f i l l e d  i n  t h e  w i n t e r s  w i t h  r a w
\
w a t e r  f r o m  t h e  T h a m e s .  B y  n o w  t h e  u s u a l  s o l u t i o n s  o f  a n  o p e n  a q u e d u c t  o r  
a  p i p e  i n  t r e n c h  w e r e  v i r t u a l l y  i m p o s s i b l e .  S i r  W i l l i a m  H a l c r o w  s u g g e s t e d  
t o  t h e  t h e n  C h i e f  E n g i n e e r  t o  t h e  M e t r o p o l i t a n  W a t q r  B o a r d ,  H  F  C r o n i n  
( 1 9 5 2 )  t h a t  a  t u n n e l  b e  u s e d .  ,■ F r o m  t h e  l o w e s t  T h a m e s  w a t e r  i n t a k e  a t  
H a m p t o n  a  s t r a i g h t  l i n e  r o u t e  o f  3 9  k m  (24  m i l e s )  c o u l d  b e  t a k e n  t o  t h e  
K i n g  G e o r g e  V  R e s e r v o i r  a t  C h i n g f o r d .  . T h e  p u m p i n g  s t a t i o n  b u i l t  a t  H a m p t o n  
i n  1 9 3 7  c o u l d  t r a n s m i t  t h e  n e c e s s a r y  1 1 0  m i l l i o n  l i t r e s  (24  m i l l i o n  g a l l o n s )  
o f  w a t e r  p e r  d a y  t h r o u g h  a  1 . 9  m  ( 7 5  i n s )  m a i n .
2 . 4 * 2 . 1  T h e  D o n s e g  L i n i n g
S i r  W i l l i a m  H a l c r o w 1 s  f i r m  w a s  c o m m i s s i o n e d  t o  s t u d y  t h e  p r o b l e m  o f  p u t t i n g  
t h i s  m a i n  i n  a  t u n n e l .  T h e i r  H  J  D o n o v a n  ( 1 9 4 7 )  h a d  i n v e n t e d  a  c h e a p  
c o n c r e t e  l i n i n g  c a l l e d  t h e  D o n s e g  l i n i n g * * ,  I t  w a s  p r o p o s e d  t o  d r i v e  a
* * S c o t t  ( 1 9 5 2 )  c a l l e d  t h e  s e g m e n t s  ‘ D o n - S e g s 1 ;  C u t h b e r t  a n d  W o o d  ( 1 9 6 2 )  
i n t r o d u c e d  t h e  p r e f e r r e d  t e r m  ’ D o n s e g 1 .
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t u n n e l  v e r y  l i t t l e  b i g g e r  t h a n  t h e  m a i n ,  s e c t i o n s  o f  w h i c h  v / o u l d  b e  w e l d e d  
t o g e t h e r  i n  t h e  t u n n e l .  T h e  s m a l l  s p a c e  b e t w e e n  t h e  o u t s i d e  o f  t h e  s t e e l  
m a i n  a n d  t h e  i n s i d e  o f  t h e  t u n n e l  w o u l d  b e  f i l l e d  w i t h  c o n c r e t e .  T h e n c e ­
f o r t h  t h e  t u n n e l  l i n i n g  w o u l d  s e r v e  n o  f u r t h e r  p u r p o s e  ( S c o t t ,  1 9 5 2 ) .
T h e  D o n s e g  l i n i n g  w a s  t o  b e  u s e d  w i t h  a  t u n n e l l i n g  s h i e l d  b u t  n o t  i n s i d e  i t .  
I n s t e a d  t h e  t a i l  o f  t h e  s h i e l d  w a s  t o  b e  l e f t  o f f  a n d  t h e  l i n i n g  b u i l t  i n  
c o n t a c t  w i t h  t h e  c l a y .  U n l i k e  p r e v i o u s  t u n n e l l i n g  o p e r a t i o n s  t h i s  w o u l d  
b e  a  c o m p l e t e  t u n n e l l i n g  s y s t e m  i n  w h i c h  t h e  s h i e l d ,  t h e  l i n i n g  a n d  i t s  
m e t h o d  o f  e r e c t i o n  a l l  i n t e r a c t e d .  H e n c e  f o r  i t s  d e v e l o p m e n t  i t  w a s  w i s e l y  
d e c i d e d  t o  b u i l d  a  t r i a l  l e n g t h  o f  t u n n e l  ( S c o t t ,  1 9 5 2 ) .  K i n n e r  H o o d i e  
L t d  w a s  c o m m i s s i o n e d  t o  d o  t h i s  o n  a  c o s t  p l u s  f e e  b a s i s .  T h e  s a m e  f i r m
a l s o  d e s i g n e d  a  s p e c i a l  s h i e l d  a n d  w o r k e d  o u t  t h e  m e t h o d  o f  c a s t i n g  t h e
p l a i n  c o n c r e t e  l i n i n g  s e g m e n t s .
T h e  D o n s e g  l i n i n g  i s  s h o w n  i n  F i g  1 5 .  . E a c h  r i n g  c o n s i s t e d  o f  t e n  i d e n t i c a l  
s e g m e n t s ,  e a c h  o f  w h i c h ,  i n s t e a d  o f  b e i n g  s y m m e t r i c a l  a b o u t  t h e  c i r c u m f e r ­
e n t i a l  c e n t r e  l i n e  o f  t h e  r i n g ,  t a p e r e d  l o n g i t u d i n a l l y .  A l t e r n a t e  s e g m e n t s  
w e r e  b u i l t  i n t o  t h e  r i n g  f a c i n g  i n  o p p o s i t e  d i r e c t i o n s .  I f ,  a r o u n d  a  
c i r c u m f e r e n t i a l  f a c e  o f  t h e  r i n g ,  a l l  t h e  w i d e  e n d s  s t o o d  p r o u d ,  t h e
c i r c u m f e r e n c e  o f  t h e  r i n g  w o u l d  b e  s m a l l .  O n  p u s h i n g  t h e  w i d e  e n d s  i n t o
t h e  s a m e  p l a n e  a s  t h e  n a r r o w  e n d s  t h e  r i n g  w o u l d  e x p a n d  c i r c u m f e r e n t i a l l y .
I f  t h i s ' w e r e  d o n e  i n  a  h o l e ,  i n  t h e  c l a y  w h i c h  w a s  s l i g h t l y  s m a l l e r  t h a n  t h e  
f i n i s h e d  r i n g ,  b o t h  t h e  r i n g  a n d  t h e  c l a y  w o u l d  b e  c o m p r e s s e d .
T h e  3 0 5  i n  ( 1 0 0 0  f t )  l o n g  t r i a l  t u n n e l  b u i l t  a t  S t o k e  N e w i n g t o n  i n  1 9 5 0 - 5 1  
w a s  2 . 2 6 6  m  ( 7  f t  6  i n s )  I . D .  a n d  2 . 5 8 8  m  ( 8  f t  5 7 / 8  i n s )  O . D .  T h e  r i n g s  
w e r e  0 . 5 3 3  m  ( 2 1  i n s )  l o n g  a n d  e a c h  s e g m e n t  w a s ' 1 3 5  m m  ( 5 ^ / 1 6  i n s )  t h i c k
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a n d  w e i g h e d  1 5 2  k g  ( 3  c w t ) .  T h e  e x t e r n a l  a r c  a t  t h e  n a r r o w  e n d  w a s  0 . 7 5 0  m  
(2  f t  i n s ) ,  a t  t h e  w i d e  e n d s  i t  w a s  0.876  m  (2  f t  1 0 ;V  i n s )  g i v i n g  a  
t a p e r  o f  1  i n  1 . 2 .  W i t h  f i v e  s e g m e n t s  m o v i n g ,  t h e  r i n g  w o u l d  e x p a n d  
d i a m e t r i c a l l y  0 . 3 7 9  i n .  p e r  i n c h  o f  l o n g i t u d i n a l  m o v e m e n t .
S o  t h a t  t h e  c r o s s  j o i n t s  s h o u l d  f i t  r e g a r d l e s s  o f  t h e  s e g m e n t  b e i n g  d i s ­
p l a c e d  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  a x i s  o f  t h e  t u n n e l ,  a l l  t r a n s v e r s e  
s e c t i o n s  o f  s e g m e n t s  a r e  b o u n d e d  b y  r a d i a l  l i n e s  a t  t h e  c r o s s  j o i n t  f a c e s .  
H e n c e  t h e  c r o s s  j o i n t  f a c e s  a r e  n o t  p l a n e  b u t  h a v e  a  ' w i n d 1 o n  t h e m .  T h i s  
w a s  o n e  o f  t h e  p r o b l e m s  o f  m a n u f a c t u r e  t h a t  h a d  t o  b e  s o l v e d  b y  K i n n c a r  
H o o d i e  ( C o n c r e t e )  L t d .  T h e  c o n c r e t e  m i x ,  3 o f  9 * 5  m m  ( - V 8 i n . )  f l i n t ,  
s a n d  a n d  P o r t l a n d  c e m e n t  a n d ' W i t h  a  w a t e r / c e m e n t  r a t i o  o f  0 . 1 2  g a v e  a  
s t r e n g t h  o f  12  t o  5 2 . 5  M N / m ^  ( 6 , 0 9 5  t o  7 , 5 9 0  l b / i n ^ )  a t  2 8  d a y s .
T h e  s h i e l d  m a d e  b y  A r t h u r  F o s t e r  ( E a s t  H a m )  L t d  w a s  t o  a n  u n u s u a l l y  r u g g e d  
d e s i g n  b e c a u s e  t h e  j a c k i n g  f o r c e s  w e r e  u n k n o w n .  A l s o  d i s t o r t i o n  o f  t h e  
c u t t i n g  e d g e  w h i c h  w o u l d  h a v e  b e e n  a c c e p t a b l e  i n  a  g r o u t e d  t u n n e l  c o u l d  n o t  
b e  t o l e r a t e d  h e r e  b e c a u s e  t h e  D o n s e g s  w e r e  d e s i g n e d  t o  f i t  a  p e r f e c t l y  
c y l i n d r i c a l  h o l e .  I t  w a s  1 . 8 0 3  m  ( 5  f t  1 1  i n s )  l o n g  i n c l u d i n g  a  3 0  c m  
( 1 2  i n s )  l o n g  h o o d .  T h e r e  w a s  p r o v i s i o n  f o r  a t t a c h i n g  a  t a i l  p l a t e  s h o u l d  
b a d  g r o u n d  b e  e n c o u n t e r e d ,  o r d i n a r y  b o l t e d  s e g m e n t s  w o u l d  t h e n  h a v e  b e e n  
u s e d .  T h e r e  ; - / e r e  t e n  s h o v e  r a m s  -  o n e  f o r  e a c h  s e g m e n t .  T h e  s h o e s  
e x t e n d e d  o v e r  a n  a r c  a  l i t t l e  l e s s  t h a n  t h a t  o f  t h e  n a r r o w  e n d  o f  a  s e g m e n t  
s o  t h a t  t h e  s h i e l d  c o u l d  r o l l  a  l i t t l e .  T h e  r a m s  h a d  a n  u n u s u a l l y  l o n g  
s t r o k e  0 . 7 1 1  m  ( 2 8  i n s ) .  T h e  d i a m e t e r  o f  t h e  r i n g  c a l c u l a t e d  f r o m  t h e
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d i m e n s i o n s  o f  t h e  s e g m e n t s  i s  2 . 5 8 6  m  (8  f t  5  / 1 6 i n s ) .  S c o t t  d o e s  n o t  
s a y  w h e t h e r  a  b e a d  w a s  u s e d  o n  t h e  c u t t i n g  e d g e  b u t  s i n c e  t h e  d r i v e  w a s  
s t r a i g h t  a n y  b e a d  m a y  h a v e  b e e n  q u i t e  s m a l l .  T h e  d i a m e t r i c a l  c l e a r a n c e  
a p p e a r s  t h e n  t o  h a v e  b e e n  a b o u t  4 . 7  m m  (^ /1 6  i n . ) .
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A f t e r  e x c a v a t i n g  a n d  m u c k i n g  a  0 * 5 3  m  ( 2 1  i n s )  l e n g t h ,  w h i c h  t o o k  9 0  
m i n u t e s ,  t h e  f i v e  i n v e r t  s e g m e n t s  w e r e  l a i d  o n  t h e  c l a y *  A  s t e e l  r i n g  
2*21 m  (7  f t  3 i n s )  d i a m e t e r  w a s  p l a c e d  o n  t h e s e  a n d  t h e  a r c h  b u i l t  o n  t h i s  
w i t h  t h e  a i d  o f  c h o c k s *  T h e r e  w e r e  a l s o  p i n s  w h i c h  c o u l d  b e  w i t h d r a w n  
f r o m  t h e  r a m  s h o e s  t o  s t o p  t h e  l e a d i n g  e d g e  d r o p p i n g *
■ E x p a n d i n g -  t h e  r i n g  w a s  n o t  j u s t  a  s i m p l e  m a t t e r  o f  a p p l y i n g  p r e s s u r e  t o  a l l  
t h e  r a m s  b e c a u s e  a s  t h e  r i n g  e x p a n d e d  t h e  s e g m e n t s  h a d  t o  m o v e  c i r c u m f e r e n -  
t i a l l y  a g a i n s t  t h e  f r i c t i o n  o f  t h e  c o n c r e t e  o n  t h e  w o o d e n  r a m  s h o e s .  H e n c e  
a  c e r t a i n  a m o u n t  o f  j o g g l i n g  w a s  r e q u i r e d  b e f o r e  t h e  r i n g  c o u l d  b e  f i n a l l y - ,  
t i g h t e n e d  a g a i n s t  t h e  c l a y *
T h e  u s u a l  w o o d  p a c k i n g  w a s  u s e d  i n  t h e  c i r c u m f e r e n t i a l  j o i n t  b e f o r e  t h e  n e x t  
r i n g  w a s  b u i l t *  T o l e r a n c e  o n  l i n e ,  l e v e l  a n d  c i r c u l a r i t y  ' w a s  r e g a r d e d  a s  
s a t i s f a c o t y *  T h e  a v e r a g e  p r o g r e s s  w a s  2 1 . 3  m  ( 7 0  f t )  p e r  w e e k  o r  f o u r  
r i n g s  p e r  s h i f t  o f  12 h o u r s .
I n  t h e  e a r l y  p a r t  o f  t h e  t r i a l ,  h y d r a u l i c  p r e s s u r e s  o f  1 3 * 8  H r J / m “  ( 2 0 0 0
l b / i n  )  w e r e  u s e d  a n d  t h e  c o r n e r s  o f  t h e  s e g m e n t s  w e r e  b r o k e n *  A s s u m i n g
t h e  r a m  d i a m e t e r  t o  b e  1 7 8  m m  ( 7  i n s )  t h e  t h r u s t  o n  a  s e g m e n t  w o u l d  b e  3 5 0  k - N
( 3 5  t o n s ) *  B y  r e a r r a n g i n g  t h e  o r d e r  o f  p l a c i n g  t h e  s e g m e n t s  t h e  t h r u s t
w a s  h a l v e d *  F i n a l l y ,  t h e  s e g m e n t  d i m e n s i o n s  w e r e  m o d i f i e d  t o  g i v e  a  r i n g
i n c h  l e s s  t h a n  t h e  e x a c t  d i a m e t e r  o f  t h e  e x c a v a t i o n .  P r e s s u r e s  w e r e
o
r e d u c e d  t o  200  t o  250  l b / i n  b u t  w i t h  n o  d i m i n u t i o n  o f  t h e  t i g h t n e s s  o f  t h e  
l i n i n g  a g a i n s t  t h e  c l a y n *  G r e a s e  w a s  u s e d  t o  r e d u c e  t h e  c o n c r e t e - c o n c r e t e  
f r i c t i o n  a t  t h e  c r o s s  j o i n t s ,  b u t  l a t e r  a  c o a t  o f  b i t u m a s t i c  p a i n t ,  p r e v i ­
o u s l y  a p p l i e d ,  w a s  f o u n d  e f f i c a c i o u s *
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T h e  t h i c k n e s s  o f  s t e e l  n e c e s s a r y  t o  c o n t a i n  t h e  w a t e r  p r e s s u r e  w a s  4 * 7 -
6 * 4  m m  ( ^ / l 6 t o  V 4  i n * )  a c c o r d i n g  t o  t h e  p o s i t i o n  a l o n g  t h e  l e n g t h  o f  t h e
m a i n .  H o w e v e r ,  p r e f a b r i c a t e d  l e n g t h s  o f  1 . 9 1  m  ( 7 5  i n s )  d i a m e t e r  p i p e  o f -
t h e s e  t h i c k n e s s e s ,  c o u l d  n o t  b e  h a n d l e d ,  l e t  a l o n e  t r a n s p o r t e d  f r o m
M i d d l e s b o r o u g h  a n d  t a k e n  i n t o  t h e  t u n n e l .  T h i s  d i f f i c u l t y  w a s  r e s o l v e d  b y
m a k i n g  t h e  s t e e l  12.5  m m  ( - J -  i n . )  t h i c k ,  s p i n n i n g  a  25 m m  (1 i n c h )  t h i c k
l a y e r  o f  c o n c r e t e  o n t o  t h e  i n s i d e  a n d  a d d i n g  s u p p o r t i n g  s p i d e r s  ( f o r
t r a n s p o r t  o n l y ) .  T h e  u n i t s  u s e d  a t  S t o k e  N e w i n g t o n  w e r e  4 * 4  m  ( 1 4  f t  6 i n s )
l o n g  a n d  w e i g h e d  2 4 1  k g  ( 4  c w t  3  q u t r s ) .  T h e i r  s p i g o t  a n d  s o c k e t  j o i n t s
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w e r e  w e l d e d  i n  t h e  t u n n e l  a n d  p r e s s u r e  t e s t e d  t o  1  . 0 3 5  M N / m  ( 1  5 0  l b / i n ~ )  
b e f o r e  t h e y - w e r e  g r o u t e d  w i t h  c o n c r e t e .  T h e  w e l d e d  j o i n t  w a s  c o v e r e d  b y  
t h e  G u n i t e  p r o c e s s .
T h e  t r i a l  l e n g t h  o f  t u n n e l  w a s  q u i t e  s a t i s f a c t o r y  b u t  22,353  t o n n e s  
( 22,000  t o n s )  o f  s t e e l  w o u l d  n o w  b e  r e q u i r e d  f o r  t h e  w h o l e  t u n n o l  a n d  a t  
t h i s  t i m e  t h e r e  w e r e  s e r i o u s  d o u b t s  w h e t h e r  t h i s  c o u l d  b e  m a d e  a v a i l a b l e  f o r  
t h i s  j o b .  T h e  M e t r o p o l i t a n  W a t e r  B o a r d  t h e n  c o n s i d e r e d  l e a v i n g  o u t  t h e  
s t e e l  l i n i n g  a l t o g e t h e r  a n d  r e l y i n g  o n  t h e  f a i r l y  i m p e r m e a b l e  L o n d o n  C l a y  
t o  r e t a i n  t h e  w a t e r .  T h i s  i d e a  b e c a m e  f e a s i b l e  w h e n  i t  w a s  d e c i d e d  t o  
m a k e  t h e ' m a i n  a  g r a v i t y  o n e  b y  p u t t i n g  t h e  p u m p s  a t  t h e  L e e  e n d  ( a t  L o c k w o o d )  
a n d  i n c r e a s i n g  t h e  d i a m e t e r  t o  2.59  m  ( 1 0 2  i n s ) .  T h e r e  w a s  a  r i s k  t h a t  
s h o u l d  t h e  p u m p s  f a i l  a  s u r g e  w o u l d  o c c u r  w h i c h  w o u l d  c a u s e  t h e  h o l e  i n  t h e  
c l a y  t o  e x p a n d  s o  m u c h  t h a t  t h e  D o n s e g s  b e c a m e  d a n g e r o u s l y  l o o s e .  A  
s u i t a b l e  s y p h o n  i n t a k e  w a s  d e s i g n e d ,  b u t  c l e a r l y  m o r e  k n o w l e d g e  w a s  r e q u i r e d  
a b o u t  t h e  D o n s e g  l i n i n g  a n d  w h e t h e r  a  h i g h e r  p r e - s t r e s s  c o u l d  b o  j a c k e d  
i n t o  i t  a n d  t h e  s u r r o u n d i n g  c l a y .
A t  t h i s  t i m e  t h e  M e t r o p o l i t a n  W a t e r  B o a r d  r e q u i r e d  a  p r e s s u r e  t u n n e l  b e t w e e n '
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T h e  Q u e e n  M a r y  r e s e r v o i r  a n d  t h e i r  n e w  f i l t r a t i o n  w o r k s  a t  A s h f o r d  C o m m o n *  
T h e y  e n l i s t e d  t h e  h e l p  o f  t h e  B u i l d i n g  R e s e a r c h  8a t . i o n  o f  t h e  t h e n  
D e p a r t m e n t  o f  S c i e n t i f i c  a n d  I n d u s t r i a l  R e s e a r c h  a n d  e n g i n e e r s  f r o m  t h e  
s o i l  m e c h a n i c s  l a b o r a t o r i e s  o f  b o t h  o r g a n i s a t i o n s  d e s i g n e d  a n d  c a r r i e d  o u t  
s u i t a b l e  e x p e r i m e n t s  i n  t h i s  t u n n e l  ( T a t t e r s a l l ,  W a k e l i n g  a n d  W a r d ,  1 9 5 5 ) *
T h e  t u n n e l  i s  5 7 4 -  m  ( 1 8 8 3  f t )  l o n g  a n d  l i n e d  w i t h  D o n s e g s  1 5  c m  (6  i n s )  
t h i c k  g i v i n g  a n  i n t e r n a l  d i a m e t e r  o f  2 . 5 4  m  ( 1 0 0  i n s ) *  T h e  t u n n e l  r u n s  
b e t w e e n  t w o  s h a f t s  w i t h  i t s  a x i s  a t  a  d e p t h  o f  2 7  m  ( 8 9  f t )  b e l o w  g r o u n d  
l e v e l *  T h e  c o v e r  i s  2 1  m  ( 7 0  f t )  o f  L o n d o n  C l a y  o v e r l a i n  b y  g r a v e l *  T o p  
w a t e r  l e v e l  o f  t h e  r e s e r v o i r  i s  1 0  m  ( 3 3  f t )  a b o v e  g r o u n d  l e v e l .  T h e  
t h e o r e t i c a l  o v e r b u r d e n  p r e s s u r e  t h e r e f o r e  e x c e e d s  t h e  s t a t i c  w a t e r  l e v e l  b y  
a b o u t  45  p e r  c e n t ;  b u t  t h e  e a r t h  p r e s s u r e  o n  t h e  t u n n e l  l i n i n g  w o u l d  
p r o b a b l y  b e  l e s s  a n d  t h e  w a t e r  p r e s s u r e  c o u l d  m o m e n t a r i l y  b e  m o r e  t h a n  t h e s e  
f i g u r e s .
I n s t r u m e n t s  i n s t a l l e d  b y  T a t t e r s a l l ,  W a k e l i n g  a n d  W a r d  i n c l u d e d  r e m o t e  
r e a d i n g  d i a m e t e r  g a u g e s ,  l o a d  c e l l s  t o  m e a s u r e  h o o p  l o a d s  a i d  r a d i a l  e a r t h  
p r e s s u r e ,  a n d  g a u g e s  t o  r e c o r d  a n y  o p e n i n g  o f  t h e  c r o s s  j o i n t s *
T h e  i n v e s t i g a t i o n  s h o w e d  t h a t  b y  s u i t a b l e  l u b r i c a t i o n  o f  t h e  s e g m e n t s  a n d  
a p p l i c a t i o n  o f  t h e  j a c k i n g  f o r c e s ,  h o o p  l o a d s  a s  h i g h  a s  350  k W  ( 3 5  t o n s )  
c o u l d  b e  a p p l i e d .  T h e  l o a d  e q u i v a l e n t  t o  t h e  o v e r b u r d e n  a c t i n g  h y d r o -  
s t a t i c a l l y  w a s  4 0 0  k N  ( 4 0  t o n s ) .  A l t h o u g h  i t  w a s  n o t  k n o w n  h o w  f a r  f r o m  
t h e  r i n g  t h e  z o n e  o f  c o m p r e s s i o n  e x t e n d e d ,  i t  w a s  o v i d e n t  t h a t  t h e  c l a y  
s t a y e d  s t r o n g  e n o u g h  t o  c o n t a i n  t h i s  c o m p r e s s i o n  b e c a u s e  t h i s  h i g h  h o o p  l o a d  
r e m a i n e d  i n  t h e  r i n g .
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W h e n  t h e  t u n n e l  w a s  f i l l e d  w i t h  w a t e r  u n d e r  t h e  n o r m a l  w o r k i n g  h e a d  o f  3 7  m  
(120  f t )  t h e  t u n n e l  d i a m e t e r  i n c r e a s e d  b e t w e e n  2 .5  m m  a n d  5 m m  ( 0.1  a n d  
0 , 2  i n # ) *  T h e r e  w a s  110 m e a s u r a b l e  m o v e m e n t  b e t w e e n  a d j a c e n t  s e g m e n t s .  T h e  
p r e s s u r e  o f  t h e  c l a y  o n  t h e  o u t s i d e  w a s  r e d u c e d  b y  a b o u t  W o  t h i r d s  o f  t h e  
i n t e r n a l  w a t e r  p r e s s u r e *  T h e r e  w a s  n o  s i g n i f i c a n t  l e a k a g e *
O n  t h e  b a s i s  o f  t h e s e  i n v e s t i g a t i o n s  t h e  t h e n  C h i e f  E n g i n e e r  o f  t h e  M e t r o ­
p o l i t a n  W a t e r  B o a r d  d e c i d e d  t h a t  2 7  k m  ( 1 7  m i l e s )  o f  t h e  T h a m e s  t o  L e e  
t u n n e l  w o u l d  b e  i n  D o n s e g s  w i t h  n o  s t e e l  l i n i n g  ( C u t h b e r t  a n d  W o o d ,  1962 ) .
T h e  f i r s t  m a i n  d r i v e  w a s  b e g u n  i n  J a n u a r y  1 9 5 5  a n d  t h e  l a s t  w a s  c o m p l e t e d  
i n  J u n e  * 1 9 5 9 •  T h e  m a i n  w a s  c o m m i s s i o n e d  i n  S e p t e m b e r  1 9 6 0 *
O b s e r v a t i o n  o f  t h e  b u i l d i n g  o f  m a n y  r i n g s  o f  D o n s e g s  a t  A s h f o r d  C o m m o n  s h o w e d  
t h a t  t h e  g a n g s  g e n e r a l l y  p l a c e d  n i n e  s e g m e n t s  i n  t h e  p o s i t i o n s  t h a t  t h e y  
w o u l d  f i n a l l y  o c c u p y  i n  t h e  r i n g ,  a n d  u s e d  o n l y  t h e  l a s t  s e g m e n t  t o  a c t u a l l y  
e x p a n d  t h e  r i n g *  T h i s  a v o i d e d  t h e  i n i t i a l  j o g g l i n g  o f  t h e  s e g m e n t s  t o  
p r e p a r e  t h e  r i n g  f o r  f i n a l  c o m p r e s s i o n . ,  T a t t e r s a l l ,  W a k e l i n g  a n d  W a r d  
t h e r e f o r e  r e c o m m e n d e d  t h a t  o n l y  o n e  s e g m e n t  s h o u l d  h a v e  t h e  d o u b l e  t a p e r  a n d  
i t  s h o u l d  b e  p l a c e d  a s  a  k e y  b e t w e e n  W o  ’ t o p 1 s e g m e n t s  s h a p e d  t o  f i t  i t .
W i t h  o n l y  o n e  m o v i n g  s e g m e n t  a  g r e a t e r  a m o u n t  o f  e x p a n s i o n  w o u l d  b o  r e q u i r e d  
f r o m  t h i s  o n e  ' w e d g e 1 •  H e n c e  i t  s h o u l d - b e  s h o r t e r  t h a n  t h e  o t h e r  s e g m e n t s  
i n  o r d e r  t o  a l l o w  i t  t o  t r a v e l  f u r t h e r *  I t  w o u l d  b e  i n s e r t e d  f r o m  t h e  
l e a d i n g  e d g e  o f  t h e  r i n g *  L a t e r  t o  b e  c a l l e d  t h e  W e d g e - b l o c k  l i n i n g ,  t h i s  
d e s i g n  w a s  t r i e d  o u t  i n  t h e  T h a m e s  t o  L e e  t u n n e l ;  864  m  ( 2 8 3 5  f t )  o f  t u n n e l  
w e r e  d r i v e n  w i t h  a n  o r d i n a r y  h a n d  s h i e l d *  I t  w a s  s u c c e s s f u l  a n d  s u b s e q u e n t l y  
t h e  W e d g e - b l o c k  l i n i n g  r e p l a c e d  t h e  D o n s e g  l i n i n g .
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2 . 4 . 2 , 2  T h e  B r i d g e  S y s t e m
A n o t h e r  g r o u t l e s s  t u n n e l l i n g  s y s t e m  w a s  d e m o n s t r a t e d  i n  1 9 5 8  b y  A u b r e y
W a t s o n  L t d  ( H a m m o n d ,  1 9 5 8 ) ,  I n v e n t e d  b y  E  K  B r i d g e  ■ ( 1 9 5 4 )  i t  w a s  d e s i g n e d
f o r  b u i l d i n g  a  p r e - c o m p r e s s e d  l i n i n g  o f  c o n c r e t e  b l o c k s  i n  L o n d o n  C l a y  '
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h a v i n g  a  s h e a r  s t r e n g t h  o f  5 4 0  k l l / m  ( 5  t o n s / f t  ) .  A  p r e - c o m p r e s s i o n  
s u f f i c i e n t  t o  a l l o w  a n  i n t e r n a l  h y d r o s t a t i c  h e a d  o f  61 m  ( 2 0 0  f t )  o f  w a t e r  
w a s  e n v i s a g e d *  A  s h o r t  l e n g t h  o f  t u n n e l  o f  1 . 8 3  m  ( 6  f t )  d i a m e t e r  w a s  
b u i l t  a t  s h a l l o w  d e p t h  i n  s a n d y  c l a y  a t  T o l w o r t h .  B e c a u s e  i t . w a s  f o r  
d e m o n s t r a t i o n  p u r p o s e s  i t  w a s  o n l y  d r i v e n  i n t e r m i t t e n t l y ,  b u t  a  h i g h  s p e e d  
o f  a d v a n c e  w a s  i n t e n d e d  a n d  t h e  c r e d i t a b l e  s p e e d  o f  1 . 8 3  m  ( 6  f t )  p e r  h o u r  
w a s  d e m o n s t r a t e d .
T h e  c o n c r e t e  v o u s s o i r s ,  a l l  i d e n t i c a l ,  w e r e  a b o u t  1 3  c m  ( 5  i n s )  t h i c k ,  
m e a s u r e d  3 0  c m  ( 1 2  i n s )  i n  t h e  a x i a l  d i r e c t i o n  a n d  23  c m  ( 9  i n s )  i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  a n d  w e i g h e d  a b o u t  1 8  k g  ( 4 0  l b s ) .  T h e y  w e r e  
b u i l t  a s  a  t w o  s t a r t  s p i r a l ,  b e h i n d  a  s p e c i a l  s h i e l d  w i t h  a  p a i r  o f  c i r c u m ­
f e r e n t i a l  j a c k s  o f  4 2 5  k W  ( 4 2 .5  t o n s )  c a p a c i t y  i n  a d d i t i o n  t o  t h e  n o r m a l  
l o n g i t u d i n a l  s h o v e  r a m s .  T h e  c i r c u m f e r e n t i a l  j a c k s  p r o v i d e d  t h e  p r e - s t r e s s
i n  t h e  s p i r a l  a n d  . a l s o  r o t a t e d  t h e  s h i e l d .  T h e  r e s i s t a n c e  t o  r o t a t i o n  w a s
\
u s e d  t o  c u t  t h e  c l a y .  T h e  a d v a n t a g e s  a v a i l a b l e  f r o m  a  s p i r a l  c o n f i g u r a t i o n  
w e r e :  .
1 .  t h e  l i n i n g  p r o c e s s  w a s  n e a r l y  a  c o n t i n u o u s  o n e  a n d  i t  d i d  n o t
i n t e r f e r e  w i t h  t h e  e x c a v a t i o n  a n d  m u c k i n g  w h i c h  c o u l d  b e  c o n t i n u o u s  
t o o  ( t h e y  w e r e  a l s o  a u t o m a t i c ) . :
2 .  T h e  m a x i m u m  a r e a  e x p o s e d  b e h i n d  t h e  f a c e  w a s  t h e  a r e a  o f  t w o
p 2 1
v o u s s o i r s ,  o n l y  0 . 1 4  i n ' *  ( l - g *  f t * - ) .  O n l y  h a l f  o f  t h i s  c o u l d  b e  i n
t h e  r o o f  s o  t h e  l i k e l y h o o d  o f  ‘ t h e  t o p  d r o p p i n g  o u t '  ( r o o f  f a l l s )  
w a s  v e r y  s m a l l .
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3 #  C o m p r e s s i o n  w a s  p r o v i d e d  i m m e d i a t e l y  a f t e r  t h e  b l o c k  w a s  p l a c e d  
( w h e n  t h e  n e x t  b l o c k  w a s  p l a c e d  i t  w a s  h e l d  i n  a  s p e c i a l  d e v i c e )
4 *  T h e  s i z e  o f  t h e  h o l e  t h a t  w a s  t o  b e  l i n e d  ( s e e  p a g e  1 0 4 )  w a s  n o t  
c r i t i c a l  s o  t h a t i t  w a s  n o t n e c e s s a r y  t o  h a v e  d e t a c h a b l e  c u t t i n g  
e d g e  b e a d s  o r  m a k e  a n y  o t h e r  p r o v i s i o n  f o r  m a t c h i n g  t h e  h o l e  a n d
l i n i n g #
5 #  T h e  s h i e l d  c o u l d  b e  s h o r t  ( 0 # 9  m ,  3  f t )  ( s e e  p a g e  2 1 1  ) •
A  c o n i c a l  c u t t i n g  h e a d  w a s  a t t a c h e d  r i g i d l y  t o  t h e  f r o n t  o f  t h e  s h i e l d #  I t  
c o n s i s t e d  o f  t w e l v e  o r  s o  a r m s  s p a c e d  a p a r t  w h e r e  t h e y  j o i n e d  t h e  s h i e l d ,  
j u s t  i n s i d e  t h e  c u t t i n g  e d g e ,  i n c l i n i n g  t o w a r d s  e a c h  o t h e r  a n d  j o i n i n g  a t
T h e .  c e n t r e  o f  t h e  c o n e  c o u l d  b e  e q u i p p e d  w i t h  a  s t a t i o n a r y  p o i n t e d  c u t t e r ,  
t h e  a l t i t u d e  o f  w h i c h  c o u l d  b e  c h a n g e d  t o  f a c i l i t a t e  s t e e r i n g  o f  t h e  s h i e l d #  
A s  w i t h  a n  o r d i n a r y  s h i e l d ,  s t e e r i n g  w a s  n o r m a l l y  d o n e  b y  d i f f e r e n t i a l l y  
a l t e r i n g  t h e  t h r u s t s  o f  t h e  s h o v e  r a m s  w h i c h  a c t e d  o n  t h e  c o n c r e t e  l i n i n g  
v i a  r o l l e r s #  T h e  d i a m e t e r  o f  t h e  c i r c u l a r  e x c a v a t i o n  w a s  d e t e r m i n e d  b y  t h e  
c u t t i n g  e d g e  w h i c h  w a s  t h e  w i d e s t  p a r t  o f  t h e  s h i e l d  a n d  w a s  p r o v i d e d  w i t h  
s e r r a t i o n s  s o  t h a t  w h i l e  s l o w l y  r o t a t i n g  ( o n e  r e v o l u t i o n  i n  t e n  m i n u t e s ,  
g i v i n g  0 # 3 0 5  m  ( 1  f t )  o f  a d v a n c e )  i t  a c t e d  l i k e  a  h o l e  s a w #  T h e  w h o l e  
s h i e l d  w a s  p o w e r e d  b y  a  5  c v  ( 5  h p )  c o m p r e s s e d  a i r  m o t o r #
T h e  m u c k  w a s  r e m o v e d  b y  a  s h o v e l  c o n v e y o r  t h e  s h o v e l s  o f  w h i c h  f i l l e d  t h e m ­
s e l v e s  a t  t h e  f a c e ,  a n d  e m p t i e d  t h e m s e l v e s  a t  t h e  p o r t a l #
D e s p i t e  t h e  i n t e r m i t t a n t  o p e r a t i o n  t h e  f a c e  d i d  n o t  c o l l a p s e  d u r i n g  m o n t h s
t h e  p o i n t  o f  t h e  c o n e #  E a c h  a r m  b o r e  a  n u m b e r  o f  t i n e s  w h i c h  c u t  t h e  c l a y .
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i n a c t i v i t y  b e c a u s e  t h e  a r m s  o f  t h e  c u t t i n g  c o n e  h e l d  i t .  H a d  t h e  t r i a l  
b e e n  c o n d u c t e d  a t  g r e a t e r  d e p t h s ,  i n  h a r d  L o n d o n  C l a y ,  t h e  s y s t e m  w o u l d  
h a v e  w o r k e d  b e t t e r  r a t h e r  t h a n  w o r s e  t h e n  i t  d i d  b e c a u s e  a s  t h e  r e s i s t a n c e  
t o  c u t t i n g  w a s  i n c r e a s e d  s o  w a s  t h e  p r e - s t r e s s  i n  t h e  l i n i n g .
W i t h  a l l  t h e s e  p o t e n t i a l  a d v a n t a g e s  t h e  r e a d e r  m a y  b e  s u r p r i s e d  t h a t  t h e  
s y s t e m  w a s  n o t  d e v e l o p e d .  T h e  e x p l a n a t i o n  d o e s  n o t  l i e  i n  h o w  w e l l  o r  h o w  
b a d l y  t h e  t r i a l  l e n g t h  w a s  e x e c u t e d .  T h e  s u c c e s s f u l  l i n e  o f  s o f t  g r o u n d  
r o t a r y  t u n n e l l i n g  m a c h i n e  b e g a n  w i t h  a  P r i c e  m a c h i n e  p r o d u c i n g  o n l y  3 6  b a d l y  
a l i g n e d  r i n g s  i n  o n e  w e e k  ( D a l r y m p l e - H a y ,  1 9 0 8 ,  i n  d i s c u s s i o n  o n  T a b o r ,  
p p  2 1 5 - 2 1 7 )  y e t  w a s  a c h i e v i n g  1 0 0  r i n g s  p e r  w e e k  c o r r e c t l y  a l i g n e d  t o  6  m m  
(V<4 i n c h )  ( G a l b r a i t h  o p .  c i t )  b e f o r e  i t  w a s  s u p e r s e d e d .  T h e  r e a s o n  m u s t  
s u r e l y  b e  t h a t  t h e  r o l e  t h a t  w o u l d  h a v e  b e e n  f u l f i l l e d  b y  t h e  B r i d g e  s y s t e m  
w a s  a l r e a d y  t a k e n  b y  t h e  D o n s e g  l i n i n g  a n d  t h e r e f o r e  i m p r o v e m e n t s  b y  s m a l l  
s t e p  s  t a k e n  w i t h  t h i  s  l i n i n g  ( W e d g e  b l o c k  a n d  m a c h i n e  e x c a v a t i  o n )  w e r e  m o r e  
e a s i l y  i n i t i a t e d  t h a n  a  c o m p l e t e  c h a n g e  o f  s y s t e m .  T h e  s i t u a t i o n  i s  
a n a l o g o u s  t o  t h a t  i n  b i o l o g i c a l  e v o l u t i o n  w h e n  t h e  d e v e l o p m e n t  o f  a n  
e m e r g e n t  s p e c i e s  i s  a r r e s t e d  b e c a u s e  t h e  e c o l o g i c a l  n i c h e  t o  w h i c h  i t  i s  
s u i t e d  i s  a l r e a d y  o c c u p i e d .
2 . 4 . 2 . 3  P o t t e r s  B a r  t u n n e l
M o s t  o f  t h e  t u n n e l s  o n  m a i n l i n e  r a i l w a y s  o u t  o f  L o n d o n  w e r e  d u p l i c a t e d  a t  
a n  e a r l y  d a t e .  T h e  G r e a t  N o r t h e r n  R a i l w a y  h a d  h a d  o p e r a t i n g  a n d  f i n a n c i a l  
d i f f i c u l t i e s  a r i s i n g  f r o m  i t s  d u a l  r o l e  a s  a  n a t i o n a l  r a i l w a y  a n d  a  L o n d o n  
c o m m u t e r s 1 r a i l w a y .  I t  c o u l d  n o t  a f f o r d  t o  d u p l i c a t e  a l l  t h e  f i v e  t u n n e l s  
o n  i t s  r o u t e  a c r o s s  t h e  S o u t h  H e r t s  p l a t e a u .  T h e  s o l u t i o n  e v e n t u a l l y  
a d o p t e d  w a s  t o  b y - p a s s  t h e  b o t t l e  n e c k  b y  e x t e n d i n g  t h e  E n f i e l d  B r a n c h  t o  
f o r m  t h e  1 H e r t f o r d  L o o p 1 .  T h i s  i n c l u d e s  t h e  2 . 4  k m  ( 1 - g -  m i l e )  l o n g  .
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P o n s b o u r n e  t u n n e l  b u i l t  i n  1 9 1 3 .  T h i s  w a s  t h e  l a s t  t r a d i t i o n a l  b r i c k  
t w o - t r a c k  t u n n e l  d r i v e n  i n  L o n d o n  C l a y .
I n  1 9 5 3  t h e r e  r e m a i n e d ,  a  4  k m  ( 2 - J -  m i l e )  l o n g  l e n g t h  o f  t w i n - t r a c k  o n  t h e  
m a i n  l i n e #  T h i s  i n c l u d e d  t h r e e  t u n n e l s !  P o t t e r s  B a r ,  H a d l e y  W o o d  N o r t h  
a n d  H a d l e y  W o o d  S o u t h #  B r i t i s h  R a i l  d e c i d e d  t h a t  t h e s e  m u s t  b e  d u p l i c a t e d ;  
b u t  w i t h  a  f o r t y  y e a r  g a p  i n  t h e i r  o w n  a n d  c o n t r a c t o r s 1 e x p e r i e n c e  i n  
t u n n e l l i n g  i n  L o n d o n  C l a y  b y  t r a d i t i o n a l  m e t h o d s ,  s o u g h t  t h e  a d v i c e  o f  
c o n s u l t a n t s #  S i r  W i l l i a m  H a l e r o w  a n d  P a r t n e r s  s u g g e s t e d  t h a t  t h e  n e w  
t e c h n i q u e  o f  a  c o n c r e t e  l i n i n g  e x p a n d e d  d i r e c t l y  a g a i n s t  t h e  c l a y  b e  a d o p t e d  
f o r  t h e s e  l a r g e  t u n n e l s #  T h i s  w a s  s u c c e s s f u l l y  u s e d  f o r  a l l  t h r e e  t u n n e l s  
w h i c h  a r e  1110  m  (1214  y a r d s ) ,  212 m  (232  y a r d s )  a n d  3 5 1  m  (384  y a r d s )  l o n g ,  
a n d  w e r e  c o m p l e t e d  o n  3  M a y  1 9 5 9 *  T h e y  a r e  s t r a i g h t  a n d  a t e  s p a c e d  a t  
1-5*2 m  (50  f t )  c e n t r e s  f r o m  t h e  b r i c k  t u n n e l s  b u i l t  i n  1849 - 50 .
T h e  l i n i n g  i s  c i r c u l a r  a n d  o f  8 . 0 8  n i  ( 2 6  f t  6 i n s )  i n t e r n a l  d i a m e t e r  a n d
0 . 6 8 5  m  ( 2  f t  3  i n s )  t h i c k .  T h e  r i n g s  a r e  0 . 4 5 7  m  ( 1  f t  6  i n s )  l o n g  a n d
c o n s i s t  o f  20  s e g m e n t s  w i t h  t h e  m i d d l e  t h i r d  o f  a n y  j o i n t  f a c e  r a i s e d  o r
d e p r e s s e d  7 .5  c m  (3  i n s )  t o  f o r m  a  s h a l l o w  t o n g u e  a n d  g r o o v e  j o i n t  w i t h  i t s  
n e i g h b o u r #  T h e  c r o s s  j o i n t  s u r f a c e s  w e r e  p a i n t e d  w i t h  b i t u m e n .  N i n e t e e n  
o f  t h e  s e g m e n t s  w e r e  s h o r t  v o u s s o i r s  s u b t e n d i n g  a n g l e s  o f  1 4 °  e r  16 °  a t  t h e  
t u n n e l  a x i s  ( F i g  1 6a ) #  T h e s e  w e r e  i n  p l a i n  c o n c r e t e  a n d  w e i g h e d  760  k g  
( 1 5  c w t )  e a c h #  T h e  i n v e r t  c o n s i s t e d  o f  a  s i n g l e  r e i n f o r c e d  c o n c r e t e  u n i t  
6 ,7  m  ( 2 2  f t )  a c r o s s  t h e  o u t s i d e  c h o r d  a n d  w e i g h i n g  3 * 3  t o n n e s  ( 3V 4  t o n s ) «  
I t  w a s  t h e  s a m e  t h i c k n e s s  a s  t h e  v o u s s o i r s  e x c e p t  a t  t h e  e n d s  w h e r e  t w o  
h o r i z o n t a l  p e d e s t a l s  w e r e  c a s t  o n  ( T e r r i s  a n d  M o r g a n ,  1 9 6 1 ) .  D u r i n g  c o n ­
s t r u c t i o n  t h e s e  p r o v i d e d  a  s u r f a c e  o n  w h i c h  a  33*5  m  (110  f t )  l o n g  p l a t f o r m  
c o u l d  s l i d e #  T h i s  w a s  t o w e d  b e h i n d  t h e  s h i e l d  a n d  c a r r i e d  t h e  h y d r a u l i c
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p u m p  f o r  t h e  s h i e l d  j a c k ,  t h e  b e l t s  f o r  l o a d i n g  a  t r a i n  o f  s k i p s  w i t h  t h e  
m u c k  t a k e n  f r o m  t h e  f a c e ,  a  c r a n e  f o r  h a n d l i n g  s e g m e n t s  e t c .
T h e  s h i e l d  w a s ' 9 * 5 4 8  m  ( 3 1  f t  0 ^ / 8  i n . )  d i a m e t e r  o v e r  t h e  c u t t i n g  e d g e  
( B a r t e r ,  1 9 6 2 )  w e i g h e d  1 5 2  t o n n e s  ( 1 5 0  t o n s )  ( T e r r i s  a n d  M o r g a n ,  1 9 6 1 ) ,  w a s  
2 . 7 4  m  ( 9  f t )  l o n g  a n d  h a d  p r o v i s i o n  f o r  b o l t i n g  o n  a  t a i l  p l a t e  0.61  m  
( 2  f t )  l o n g .  T h e  s h i e l d  h a d  2 5  s h o v e  r a m s ,  s i x  o f  w h i c h  t h r u s t e d  a g a i n s t  
t h e  i n v e r t  b l o c k .  T h e  r e m a i n i n g  1 9  r a m s  e a c h  t h r u s t e d  a g a i n s t  t h e  c e n t r e  
o f  o n e  o f  t h e  1 9  v o u s s o i r s .  T h e  t o t a l  t h r u s t  a v a i l a b l e  w a s  9 9 6 0  k l ' i  
( 1 0 0 0  t o n s ) ,  b u t  a  t h r u s t  o f  3 9 8 4  k N  ( 4 0 0  t o n s )  u s u a l l y  s u f f i c e d .  T h e  
s h i e l d  w a s  f i t t e d  w i t h  t w o  h y d r a u l i c a l l y  o p e r a t e d  e r e c t o r  a r m s  f o r  p l a c i n g  
t h e  v o u s s o i r s  a b o v e  a x i s  l e v e l ,  a n d  a l s o  a  l i f t  f o r  t h e  k e y  v o u s s o i r .
T h e  s h i e l d  h a d  t h r e e  d e c k s  d i v i d e d  t o  f o r m  c o m p a r t m e n t s  a n d  w a s  f i t t e d  w i t h  
n i n e  f a c e  r a m s  d e s i g n e d  t o  r e t r a c t  a s  t h e  s h o v e  r a m s  m o v e d  t h e  s h i e l d  
f o r w a r d .
T h e  f i r s t  d o z e n  o r  s o  r i n g s  o f  e a c h  t u n n e l  w e r e  o r d i n a r y  c a s t  i r o n  r i n g s  
e r e c t e d  i n  t h e  o r d i n a r y  w a y  i n  t h e  t a i l  o f  t h e  s h i e l d .  A  b u t t r e s s e d  p i l e '  
s t r u c t u r e  w a s  b u i l t  o u t s i d e  t h e  p o r t a l  t o  p r o v i d e  r e a c t i o n  f o r  t h e  s h o v e  
r a m s .  W h e n  t h e  t u n n e l  h a d  a d v a n c e d  f a r  e n o u g h  i n t o  t h e  h i l l  t h a t  t h e  c o v e r  
w a s  s u f f i c i e n t ,  t h e  t a i l  p l a t e  w a s  r e m o v e d  a n d  t h e  c o n c r e t e  l i n i n g  w a s  
s t a r t e d .  I t  w a s  b u i l t  u p  t o  a x i s  l e v e l  i n  t h e  n o r m a l  w a y ,  t h e  l a s t  
v o u s s o i r s  b e i n g  s p e c i a l s .  T h e y  w e r e  a  l i t t l e  l o n g e r  t h a n  t h e  o t h e r s  
( s u b t e n d i n g  16 ° )  a n d  h a d  p o c k e t s  i n  w h i c h  h y d r a u l i c  j a c k s  w e r e  f i t t e d .  
A n o t h e r  s p e c i a l  v o u s s o i r  w a s  p l a c e d  n e x t  f o l l o w e d  b y  f i v e  o r d i n a r y  o n e s  
e a c h  s i d e ,  b u i l t  w i t h  t h e  e r e c t o r  a r m s  ( F i g  1 6 b ) .  T h e  l a s t  o r d i n a r y  
v o u s s o i r  w a s  t h e n  i n s e r t e d  i n t o  t h e  r i n g  f r o m  t h e  f r o n t .  T h e  j a c k s  a t  a x i s  
l e v e l  w e r e  t h e n  e x t e n d e d  i n  o r d e r  t o  e x p a n d  t h e  r i n g .  T h e y  w e r e  l e f t
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e x t e n d e d ,  w h i l e  t h e  s p a c e  e i t h e r  s i d e  o f  t h e m  w a s  p a c k e d  w i t h  d r y  m o r t a r .
W h e n  t h i s  h a d  h a r d e n e d  t h e  j a c k s  w e r e  r e m o v e d  a n d  t h a t  s p a c e  t o o  w a s  f i l l e d *  
T h e r e  i s  n o  i n f o r m a t i o n  a b o u t  t h e  j a c k i n g  f o r c e  u s e d  o r  w h e t h e r  t h i s  w a s  
v a r i e d  a c c o r d i n g  t o  t h e  o v e r b u r d e n  l o a d ,  n o r  i s  a  l o n g i t u d i n a l  s e c t i o n  
g i v e n  ( T e r r i s  a n d  M o r g a n ,  1 9 6 1 ,  o r  s T h e  E n g i n e e r 1 ,  1 4 -  F e b  1 9 5 6 ) *  T h e  
a p p r o x i m a t e  a v e r a g e  c o v e r  o v e r  t h e  c r o w n  i s  1 0  m  ( 3 0  f t )  ( O . S .  m a p  a n d
p h o t o g r a p h s ) .  T h e  s t r e s s  i n  c o n c r e t e  i s  s t a t e d  t o  h a v e  b e e n  a b o u t  6 . 9  M N / m
2  2  
( 1 0 0 0  l b / i n  ) .  C o n s i d e r i n g  t h a t  t h e  c o n c r e t e  h a d  a  s t r e n g t h  o f  4 1  ® 4  M E / n T
( 6 0 0 0  l b / i n  )  a t  2 8  d a y s  a n d  w a s  o f  m i x  c h o s e n  t o  b e  r e s i s t a n t  t o  l o c o m o t i v e
e x h a u s t  g a s e s ,  t h e  l i n i n g  a p p e a r s  t o o  t h i c k .  S o m e  a l l o w a n c e  h a s  t o  b e  m a d e
f o r  s t r e s s  c o n c e n t r a t i o n s  a t  t h e  m a n y  r e f u g e s ,  c r o s s  p a s s a g e s  a n d
v e n t i l a t i o n  d u c t s .
T h e  m i n e r s  w o r k e d  t h r e e  s h i f t s  n o m i n a l l y  o f  e i g h t  h o u r s  e a c h ,  u s u a l l y  t h e y  
b u i l t  t h r e e  r i n g s  i n  6  h o u r s .  T h u s  a v e r a g e  d a i l y  p r o g r e s s  w a s  4 ® 1  m  
( 1 3  f t  6  i n s )  ( B u l m a n ,  1 9 6 2 ) .  T h e  2 3 4 5  c o n c r e t e  r i n g s  o f  t h e  P o t t e r s  B a r  
t u n n e l  w e r e  b u i l t  i n  6 0  w e e k s .
2 . 4 . 2 . 4  H e a t h r o w  C a r g o  t u n n e l
I n  1 9 6 7 - 8  a  l a r g e  d i a m e t e r  s h a l l o w  t u n n e l  w a s  b u i l t  b y  s i m i l a r  m e t h o d s  i n  
t h e  L o n d o n  C l a y  u n d e r l y i n g  L o n d o n  ( H e a t h r o w )  A i r p o r t  a g a i n  t o  t h e  d e s i g n  o f  
S i r  W i l l i a m  H a l c r o w  a n d  P a r t n e r s .  T h e  f a c i l i t i e s  a t  t h e  C e n t r a l  T e r m i n a l ,  
w h i c h  i s  c o m p l e t e l y  s u r r o u n d e d  b y  r u n w a y s  a n d  t a x i - w a y s ,  w e r e  n o  l o n g e r  
a d e q u a t e  t o  d e a l  w i t h  t h e  f r e i g h t  w h i c h  i s  u n l o a d e d  t h e r e  f r o m  p a s s e n g e r  
a i r c r a f t .  A  l i n k  w a s  t h e r e f o r e  r e q u i r e d  w i t h  t h e  C a r g o  A r e a  t o  t h e  s o u t h  
o f  t h e  a i r p o r t ,  a n d  w i t h  l i t t l e  r o o m  f o r  a p p r o a c h  r a m p s  i t  w o u l d  h a v e  t o  b e  
s h a l l o w .  I t  w a s  c a l c u l a t e d  t h a t  a  s i n g l e  t u n n e l  w o u l d  b e  c h e a p e r  t h a n  a  
p a i r  o f  t w i n  t u n n e l s .
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T h e  t u n n e l  o f  1 0 * 9  m  ( 3 3  f t  9  i n s )  i n t e r n a l  d i a m e t e r ,  w i t h  a  c o v e r  o v e r  t h e  
c r o w n  o f  7  t o  8  m  ( 2 3  t o  2 6  f t )  o f  w h i c h  o n l y  2 * 5  m  ( 8  f t )  w a s  L o n d o n  C l a y ,  
w a s  d r i v e n  u n d e r  t w o  r u n w a y s  w i t h  n e g l i g i b l e  d i s t u r b a n c e *  T h e  l i n i n g  w a s  
3 0  c m  ( 1 2  i n s )  t h i c k ,  m u c h  t h i n n e r  ( F i g  8 )  t h a n  t h a t  u s e d  a t  P o t t e r s  B a r  
a n d  H a d l e y  W o o d ,  a l s o  t h e  c r o w n  j o i n t  s u r f a c e s  w e r e  s l i g h t l y  c y l i n d r i c a l  
w i t h  a  r a d i u s  o f  3 * 1 7 5  m  ( 1 2 5  i n s ) *  T h i s  m o r e  s a t i s f a c t o r y  d e s i g n  a r o s e  
o u t  o f  w o r k  d o n e  i n  1 9 6 2  f o r  t h e  V i c t o r i a  L i n e  o f  L o n d o n  T r a n s p o r t *  T h e  
r i n g s  w e r e  0 * 6 1  m  ( 2  f t )  l o n g  a n d  c o n s i s t e d  o f  2 7  p l a i n  c o n c r e t e  s e g m e n t s *  
Q u i t e  a  s m a l l  i n v e r t  s e g m e n t  w a s  u s e d .  T h e  r i n g  w a s  e x p a n d e d  b y  j a c k s  o f  
3 5 0  k N  ( 3 5  t o n s )  c a p a c i t y  s i t u a t e d  a t  a x i s  l e v e l  a n d  u s e d  i n  t h e  s a m e  w a y  
a s  d e s c r i b e d  a b o v e *
L o a d  c e l l s  w e r e  i n s e r t e d  i n t o  o n e  r i n g .  T h e s e  i n d i c a t e d  t h a t  t h e  l o a d s  
i n c r e a s e d  d u r i n g  t h e  f i r s t  t w o  m o n t h s  a f t e r  b u i l d i n g  a n d  t h e r e a f t e r  r e m a i n e d  
v i r t u a l l y  c o n s t a n t .  T h e  v a l u e s  r e a c h e d  v a r i e d  a c c o r d i n g  t o  t h e  p o s i t i o n  
o f  t h e  g a u g e  i n  t h e  r i n g ;  e x p r e s s e d  i n  p e r c e n t a g e  o f  t h e  h o o p  t h r u s t  a t  
e a c h  p o s i t i o n  f o r  t h e  f u l l  o v e r b u r d e n  p r e s s u r e  a c t i n g  o n  t h e  l i n i n g  t h e y  
w e r e  1 0 0  p e r  c e n t  ( 4 6 0  k N )  a t  t h e  c r o w n ,  6 0  p e r  c e n t  ( 5 7 0  k N )  a t  a x i s  l e v e l  
a n d  5 5  p e n  c e n t  ( 6 2 0  k N )  a t  2 5 °  f r o m  t h e  i n v e r t .
T h e  s h i e l d ,  a s  u s e d ,  w i t h o u t  a  t a i l  p l a t e ,  w a s  3 * 1  m  ( 1 0  f t )  l o n g  a n d  
p r o p e l l e d  b y  2 8  s h o v e  r a m s  -  o n e  f o r  e a c h  s e g m e n t  e x c e p t  t h e  l a r g e  o n e  a t  
t h e  i n v e r t  f o r  w h i c h  t h e r e  w e r e  t w o .  E a c h  r a m  w a s  r a t e d  f o r  8 0 0 - k N  ( 8 0  
t o n s )  t h r u s t  a t  3 1  M N / m ^  ( 4 5 0 0  l b / i n ^ ) .  T h e  s h i e l d  w a s  d i v i d e d  i n t o  f i v e  
l e v e l s  b y  f o u r  d e c k s .  T h e s e  w e r e  e a c h  s u b d i v i d e d  i n t o  f o u r  b o x e s  b y  
v e r t i c a l  g i r d e r s .  T h e  b o x e s  w e r e  e q u i p p e d  w i t h  a  t o t a l  o f  56 f a c e  r a m s  
a n d  a l s o  p l a t f o r m  r a m s .  T h e s e  w e r e  i n d i v i d u a l l y  c o n t r o l l e d  b y  t h e  m i n e r  
f r o m  t h e  b o x  h e  w a s  w o r k i n g  i n .  T h e  l o a d  a t  w h i c h  t h e  f a c e  r a m s  r e t r a c t e d
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d u r i n g  a  s h o v e  w a s  a d j u s t e d  b y  r e l i e f  v a l v e s  w h i c h  w e r e  s e t  f o r  e a c h  l e v e l  
i n  t h e  s h i e l d  ( W o o d  a n d  G i b b ,  1 9 7 1 ) *
T h e  s e g m e n t  e r e c t o r  w a s  d e s i g n e d  s o  t h a t  i t  c o u l d  t o  s o m e  e x t e n t  t a k e  o v e r  
t h e  d u t i e s  o f  t h e  m i s s i n g  s h i e l d  t a i l *  I t  c o n s i s t e d  ( s e e  F i g  16 c )  o f  a  
t w o - p i n n e d  t h r e e - s e g m e n t  a r c h ,  a t t a c h e d  t o  t h e  r e a r  o f  t h e  s h i e l d  a n d  f i t t e d  
w i t h  v e r t i c a l  a n d  i n c l i n e d  h y d r a u l i c  r a m s  s o  t h a t  i n  t h e  r e t r a c t e d  p o s i t i o n  
t h e r e  w a s  s u f f i c i e n t  r o o m  t o  a s s e m b l e  t h e  t o p  h a l f  o f  t h e  n e x t  r i n g  o f  
s e g m e n t s  o n  i t *  C a r e  w a s  t a k e n  t o  s e e  t h a t  s u c h  a  h a l f  r i n g  w a s  c o r r e c t l y  
a s s e m b l e d  b e f o r e  t h e  s h o v e  w a s  m a d e *  T h e n ,  i m m e d i a t e l y  t h e  s h o v e  r a m s  
w e r e  w i t h d r a w n ,  t h e  e r e c t o r  a r m s  c o u l d  b e  e x t e n d e d  a n d  t h e  r o o f  s u p p o r t e d  
w i t h i n  a  m i n u t e *  T h e  i n v e r t  s e g m e n t s  c o u l d  t h e n  b e  p l a c e d  a n d  t h e  r i n g  
e x p a n d e d  i n  s a f e t y *  T o t a l  s u r f a c e  s e t t l e m e n t  a b o v e  t h i s  t u n n e l  w a s  1 2  m m  
( 1 -  i n c h ) ,  h a l f  t h i s  h a d  o c c u r r e d  w h e n  t h e  t u n n e l  f a c e  w a s  i m m e d i a t e l y  b e l o w  
t h e  p o i n t  o f  m e a s u r e m e n t  ( S m y t h - O s b o u r n e ,  1 9 7 1 ) «  T h e  h o r i z o n t a l  d i a m e t e r
o f  t h e  t u n n e l  i n c r e a s e d  a b o u t  2 . 5  m m  ( 0 * 1 ,  i n c h ) *  E x p e r i m e n t a l  w o r k
, ( c a r r i e d  o u t  e l s e w h e r e )  t o  b e  d e s c r i b e d  l a t e r ,  s u g g e s t s  t h a t  t h e s e  v e r y  
s a t i s f a c t o r y  r e s u l t s  w e r e  d u e  t o  t h e  s h o r t n e s s  o f  t h e  s h i e l d  i n  r e l a t i o n  t o  
i t s  d i a m e t e r  a n d  t o  t h e  s p e e d  w i t h  w h i c h  t h e  r i n g s  w e r e  e r e c t e d  a s  w e l l  a s  . 
t o  t h e  s h i e l d  f a c e  r a m s *
2 * k « 3  R e ~ a m o e a r a n c e  o f  t h e  t u n n e l l i n g  m a c h i n e
A n o t h e r  i n n o v a t i o n  t r i e d  o n  t h e  T h a m e s  t o  L e e  t u n n e l  w a s  a  h y d r a u l i c a l l y  
d r i v e n  s h i e l d e d  t u n n e l l i n g  m a c h i n e  d e s i g n e d  b y  K i n n e a r  M o o d i e  L t d  f o r  u s e  
w i t h  t h e  D o n s e g  l i n i n g  a n d  b u i l t  b y  A r t h u r  F o s t e r  ( E a s t  H a m )  L t d *  T w o  
m a c h i n e s  w e r e  u s e d  i n  f i v e  d r i v e s  t o t a l l i n g  8 * 8  I o n  (5'h m i l e s )  ( C u t h b e r t  a n d  
W o o d ,  1 9 6 2 ) .
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In designing a tunnelling  machine of 3*01 m (118§- in s) diameter /p la te r  to
b e  m a d e  o n l y  2 . 7 9  m  ( 1 1 1  i n s )  d i a m e t e r 7  t h e  p r e - w a r  u n d e r g r o u n d  r a i l w a y
p r a c t i c e  o f  m o u n t i n g  a  f u l l - f a c e  c u t t i n g  h e a d  o n  a  c e n t r a l  s h a f t  w a s
u n a c c e p t a b l e  b e c a u s e  t h e r e  w a s  n o  r o o m  b e t w e e n  t h i s  a n d  t h e  m o t o r  a n d  g e a r i n g
fo r d isposal of the excavated muck. The so lu tion  adopted was to  mount the
c u t t i n g  h e a d  o n  t h e  f o r w a r d  e n d  o f  a  q u i t e  l a r g e  c y l i n d e r  t h r o u g h  w h i c h  t h e
b r o k e n  a n d  b u l k e d  c l a y  c o u l d  p a s s *  . T h e  c y l i n d e r ,  o r  ' d r u m *  a s  i t  c a m e  t o
b e  c a l l e d ,  r o t a t e d  w i t h  t h e  c u t t i n g  h e a d .  T h e r e  w a s  o n l y  a  n a r r o w  s p a c e
b e t w e e n  t h e  d r u m  a n d  t h e  s h i e l d  w h e r e  t h e  p o w e r  c o u l d  b e  a p p l i e d .  T h i s
p r o b l e m  w a s  s o l v e d  b y  u s i n g  f o u r  h y d r a u l i c  m o t o r s  s u p p l i e d  w i t h  o i l  a t  
2  213.8 M / m  ( 2 0 0 0  l b / i n  )  p r e s s u r e  t h r o u g h  p i p e s  f r o m  a  p u m p  s i t u a t e d  s o m e  
d i s t a n c e  b e h i n d  t h e  s h i e l d .  T h e  f o u r  m o t o r s  d r o v e  a  p e r i p h e r a l  g e a r  r i n g  
o n  t h e  d r u m  t h r o u g h  r e d u c t i o n  g e a r b o x e s ,  p i n i o n s  o n  t h e  e n d s  o f  t h e s e  
e n g a g i n g  a  l a r g e  g e a r  r i n g  o n  t h e  d r u m .  W i t h  t h e  l a r g e  v e l o c i t y  r a t i o  t h u s  
o b t a i n e d  i t  w a s  p o s s i b l e  t o  r o t a t e  t h e  d r u m  a t  4  r p m  b u t  e v e n  a t  t h i s  m o d e s t  
s p e e d  t h e  h y d r a u l i c  o i l  h a d  t o  b e  p u m p e d  a t  s u c h  a  h i g h  r a t e  o f  f l o w  t h a t ,  
w i t h  t h e  r a t h e r  h a s t i l y  d e s i g n e d  h y d r a u l i c  c i r c u i t ,  i t  b e c a m e  e x c e s s i v e l y  
h o t .  T h u s  t h e  h y d r a u l i c  d e s i g n  w a s  w o r k i n g  a t  t h e  l i m i t  o f  i t s  c a p a c i t y  
a n d  t h e  a d v a n t a g e s  o f .  h y d r a u l i c  m o t o r s ,  t h a t  t o r q u e  a n d  s p e e d  a r e  i n d e p e n ­
d e n t l y  v a r i a b l e ,  w e r e  n o t  a v a i l a b l e .
T h i s  s o - c a l l e d  ' K M  D r u m  d i g g e r 1 h a d  a n  o v e r a l l  l e n g t h  o f  2 . 6 7  m  ( 8  f t  9  i n s )  
(1.1 m ,  3  f t  9  i n s  l o n g e r  t h a n  t h e  h a n d  s h i e l d ) .  O f  t h i s  l e n g t h  t h e  r e a r ­
m o s t  2 . 3 7  m  ( 7  f t  9  i n s )  w a s  s u r r o u n d e d  b y  a  c o n v e n t i o n a l  s k i n  p l a t e  
( i n c l u d i n g  t a i l  p l a t e )  a n d  t h e  f r o n t  3 0  ' e m  ( - 1 2  i n s )  w e r e  o c c u p i e d  by  t h e  
c u t t i n g  h e a d .  T h i s  c o n s i s t e d  o f  f o u r  r a d i a l  a r m s  s p a c e d  a t  90°;  t w o  o f  t h e  
a r m s ,  o n  a  c o m m o n  d i a m e t e r ,  w e r e  l i n k e d  b y  a  b r i d g e .  T h u s  t h e  f r o n t  o f  t h e
The motors were 'D erry-sine ' ro ta ry  vane type. Motors were supplied by 
Denison-Derry (now Abex-Denison L td). -
machine a t  f i r s t  glance appeared to  carry  a la rg e  c ro ss . The arms and 
bridge a l l  ca rried  t in e s  of about 2.5 cm x 2.5 cm (1 in s  x 1 in ) section  a t 
about 15 cm (6 in s) cen tres . These were mounted in  a d ire c tio n  p a ra lle l  
to  the ax is of the tunnel and, when new, were ch ise l pointed, the sharp 
edge being arranged c ircum feren tia lly , ie  in  the d irec tio n  of motion of the 
t in e .  Ho attempt was made to  provide rake or clearance as w ith a coal 
cu tting  p ick . Hence they rubbed ra th e r  than cut ke rfs  in  the face and 
not only did the t ip  of the tin e  wear but most of i t s  shank as w ell. They 
needed replacing a f te r  about 1 .6  km (1 m ile) of d riv ing .
The reason fo r th is  arrangement of th e  t in e s  was th a t, because i t  was 
symmetrical, the cu tting  head could ro ta te  in  e ith e r  d irec tio n  so th a t  any 
r o l l  developed by the  machine could be co rrec ted . The sides of the  arms
were shaped so th a t excavated clay  which f e l l  on them tended to  be tipped
• ' (. -
towards the  centre of the cu tting  head under the  bridge. S im ilarly  any 
clay which f e l l  to  the bottom of the  face was picked up and d irec ted  to  the 
cen tre . Paddles in  th is  p a rt carried  the muck backwards through the drum 
to  a b e lt  conveyor.
■ . *
The th ru s t of the sh ie ld  rams bearing on the  l a s t  ring  of lin in g  was tra n s ­
m itted from the frame of the sh ield  to  the  cu tting  head by a phospher bronze 
th ru s t ring  a t the f ro n t end of the drum. Side forces were ca rried  to  two 
bearing rin g s a t  e ith e r  end of the  drum, these revolved on r o l l e r  attached 
to  the frame. A la te r  version of the machine i s  shown in  Fig 17.
The whole of the drum and i t s  associated paddles, cu tting  arms, hydraulic 
motors could, i f  necessary, have been removed from th e  sh ie ld  while the 
machine was in  the tunnel. Thus, according to  Cuthbert and Wood, had
97
running ground entered the face the heading could have been saved and the 
drive completed by hand using the sh ield  in  the  ordinary way.
A uxillia ry  equipment was carried  on a sledge towed by th e  machine; th is  
included a 90 kW (120 hp) e le c tr ic  motor driv ing the pump supplying power 
to  the  drum, another motor and pump fo r the sh ie ld  rams and two o i l  
reservo irs*
The maximum sustained ra te  o f  progress on the  machine d rives was about 110 m 
(360 f t )  per week or twice th a t  of the hand drives*
2 . 4 * 4  M a r r i a g e  o f  t h e  t u n n e l l i n g  m a c h i n e  a n d  t h e  g r o u t l e s s  l i n i n g  ~
V i c t o r i a  L i n e
Between January 1960 and Ju ly  1961 a mile leng th  of twin tunnel was b u i l t  
as a t r i a l  fo r the  construction  of what i s  now the V ictoria  Line* These 
tunnels now form p a rt of the l in e  between Finsbury Park and Seven S is te rs  
stations*
London Transport Board bought two tunnelling  machines* There were scaled 
up versions of the  ’KM drum digger* developed fo r the  M etropolitan Water 
Board and were designed and constructed by the same team* The new machines 
were 4*27 m (14 f t  0 in ) and 3*99 m (13 f t  1 in*) diameter to  s u it  two 
kinds of experimental lin in g  both to  be expanded d ire c tly  onto th e  clay*
The la rg e r machine had fourteen shove rams and the  smaller one twelve* In 
other respec ts  the machines were a like  having sh ie lds 2.95 m (9 f t  8^/4 in s) 
long when the  t a i l  p la te  was detached and drums with an in te rn a l  diameter 
of 2.28 ra (7 f t  6 in s) ~ over h a lf  the diameter of e ith e r  shield*
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T h e  f o u r  t i n e  b e a r i n g  a r m s  o f  t h e  p r o t o t y p e  w e r e  i n c r e a s e d  t o  s i x *  O n e  
d i a m e t r i c a l l y *  o p p o s e d  p a i r  w a s  m a d e  t o  c r o s s  t h e  w h o l e  d i a m e t e r  b y  m e a n s  
o f  a  c e n t r a l  b r i d g e  a s  b e f o r e *  T h e  m u c k  d e f l e c t i n g  p a d d l e s  w e r e  n o w  
i n t e g r a t e d  w i t h  t h e  a r m s *  T h e  h e a d  e x t e n d e d  0 * 6 1  m  o r  t w o  f e e t  b e y o n d  t h e  
c u t t i n g  e d g e  o f  t h e  s h i e l d *  I t  r o t a t e d  a t  t h e  s a m e  s p e e d  p o w e r e d  b y  t h e  
s a m e  D e r r y - s i n e  m o t o r s  w i t h  t h e  s a m e  r e d u c t i o n  g e a r i n g  a r r a n g e m e n t *
T h e  s h o v e  r a m s  o f  1 5 2  m m  ( 6  i n s )  d i a m e t e r  a n d  0 * 9 1 3  m  ( 2  f t  8  i n s )  s t r o k e
2
w e r e  s u p p l i e d  w i t h  h y d r a u l i c  o i l  a t  a  w o r k i n g  p r e s s u r e  o f  1 3 * 8  M N / m  
* 2
( 2 0 0 0  l b / i n  )  b y  a  p u m p  d r i v e n  f r o m  a  9 * 3  k V I  ( 1 2 - g -  h p )  e l e c t r i c  m o t o r *  P o w e r  
f o r  r o t a t i n g  t h e  d r u m  a n d  c u t t i n g  h e a d  w a s  f r o m  a n o t h e r  m o t o r  o f  1 5 0  k W  
( 2 0 0  h p ) *  T h e s e  m o t o r s *  p u m p s *  t r a n s f o r m e r *  m u c k  d i s p o s a l  a r r a n g e m e n t s  e t c  
t r a v e l l e d  o n  a  l o n g  p l a t f o r m  t o w e d  b y  t h e  m a c h i n e *  T h e  h y d r a u l i c  g e a r  o f  
t h e s e  m a c h i n e s  s u f f e r e d  o n e  o f  t h e  d i s a d v a n t a g e s  o f  t h e  s m a l l e r  p r o t o t y p e  
i n  t h a t  i t  b e c a m e  t o o  h o t *
T h e  l a r g e r  m a c h i n e  w a s  u s e d  w i t h  a  c o n c r e t e  l i n i n g  2 3  c m  ( 9  i n s )  t h i c k  
( F i g  1 8 a )  c o n s i s t i n g  o f  f o u r t e e n  i d e n t i c a l  s e g m e n t s  e a c h  t w o  f e e t  l o n g *
T h e s e  l e f t  a  1 8  c m  ( 7  i n s )  w i d e  g a p  a t  t h e  c r o w n  w h i c h  w a s  o c c u p i e d  b y  a  
p a i r  o f  f o l d i n g  w e d g e s  m a d e  o f  r e i n f o r c e d  c o n c r e t e ;  a  s m a l l  h y d r a u l i c  j a c k  
p u s h e d  t h e s e  w i t h  a ’ f o r c e  o f  1 0 0  k N  ( 1 0 . t o n s )  a n d  p r o d u c e d  a n  e x p a n d i n g  
f a c e  o f  u p  t o  2 5 0  k N  ( 2 5  t o n s ) *  i n  t h e  r i n g *  T h e  w e d g e s  h a d  s u f f i c i e n t l y  
s m a l l  t a p e r  t h a t  d e s p i t e  l u b r i c a t i o n  w i t h  b i t u m e n  p a i n t  t h e y  j u s t  d i d  n o t  
m o v e  b a c k  a f t e r  t h e  j  a d d i n g  f o r c e  h a d  b e e n  r e m o v e d *
T h e  o t h e r  m a c h i n e  w a s  u s e d  w i t h  c a s t  i r o n  r i n g s  a l s o  0*61 m  ( 2  f t  0  i n * )  
l o n g  b u t  w i t h  v e s t i g i a l  c i r c u m f e r e n t i a l  f l a n g e s  o f  a  f u l l  d e p t h  o f  6 3 * 5  m m
T h e  s t r e s s  m e a s u r e d  i n  t h e  r i n g  c o r r e s p o n d e d  t o  a  f o r c e  o f  o n l y  8 0  k r l  
( 8  t o n s ) *
( 2 - J -  i n s )  g i v i n g  a n  i n t e r n a l  d i a m e t e r  o f  3 « S 6  m  ( 1 2  f t  8  i n s ) *  T h e  r i n g s  
w e r e  e x p a n d e d  b y  J a c k s  a t  e a c h  o f  t h e  k n e e  J o i n t s  p r o d u c i n g  t h r u s t  o f  u p  
t o  1 2 0  k N  ( l 2  t o n s )  ( D u n t o n ,  K e l l  a n d  M o r g a n ,  1 9 6 5 ) *  P a r t  o f  t h e  a x i s  
l e v e l  s e g m e n t  w a s  c u t  a w a y  t o  a c c o m m o d a t e  t h e  J a c k *  T a p e r e d  p a c k i n g  
p i e c e s  w e r e  p u t  i n  t h e  g a p  t h a t  w a s  m a d e  i n  t h e  k n e e  J o i n t  s o  t h a t  t h e  J a c k s  
c o u l d  b e  r e m o v e d  i m m e d i a t e l y  a f t e r  e x p a n s i o n  o f  t h e  r i n g  ( F i g s  1 8 a  a n d  1 8 c ) *
T h e  u s e  o f  a  f a s t  r e l i a b l e  t u n n e l l i n g  m a c h i n e  w i t h  t h e  r a p i d l y  e r e c t e d  
e x p a n d e d  l i n i n g  p r o v e d  a  s u c c e s s f u l  s y n e r g i s t i c  c o m b i n a t i o n *  T h e  l i n i n g  
r e q u i r e d  a  w e l l  c u t  c i r c u l a r  h o l e  w i t h  n o  o v e r b r e a k  a n d  t h i s  c o u l d  b e  p r o ­
v i d e d  i f  t h e  e x c a v a t i n g - m u c k i n g - b u i l d i n g  c y c l e  w a s  p e r f o r m e d  r a p i d l y *  S o f t  
g r o u n d  t u n n e l l i n g  m a d e  a n  a d v a n c e  c o m p a r a b l e  w i t h  t h a t  p r o d u c e d  b y  
P  ¥  B a r l o w ^  m a r r y i n g  t h e  t u n n e l  s h i e l d  t o  t h e  p r e f a b r i c a t e d  t u n n e l  l i n i n g ©
B o t h  l i n i n g s  w e r e  e q u a l l - y  s u c c e s s f u l  i n  m a k i n g  a  n e a t  a n d  s t r u c t u r a l l y
s o u n d  t u n n e l  a n d  t h e  c o s t s  w e r e  t h e  s a m e *  T h e  r a t e  o f  t u n n e l l i n g  w a s
higher using the iron  lin ing* This was p a r tly  because 14 per cent le s s
• \
m u c k  n e e d e d  t o  b e  e x c a v a t e d  a n d  p a r t l y  b e c a u s e  o n e  s e g m e n t  w e i g h i n g  ' 2 6 0  k g  
( 5  c w t )  a n d  f o r m i n g  o n e  s i x t h  o f  t h e  r i n g  c o u l d  b e  e r e c t e d  b y  h a n d  r e g a r d ­
l e s s  o f  i t s  p o s i t i o n  i n  t h e  r i n g *  T h e  c o n c r e t e  s e g m e n t  w e i g h e d  a b o u t  t h e  
s a m e  t u t  o n l y  l i n e d  7  p e r  c e n t  o f  t h e  r i n g  a n d  n e e d e d  w i n c h e s  a n d  a  r o l l e r  
t r a c k  e r e c t o r  a r m  b e c a u s e  n o t  e n o u g h  m e n  c o u l d  g e t  r o u n d  i t  t o  h a n d l e  i t  
e a s i l y *  E d m u n d  N u t t a l l  S o n s  &  C o  L t d ,  t h e  c o n t r a c t o r  u s i n g  t h e  i r o n  
l i n i n g  e s t a b l i s h e d  a  r e c o r d  r a t e  o f  s o f t  g r o u n d  t u n n e l l i n g  b y  c o m p l e t i n g  
2 8 5  m  (934 f t )  o f  t u n n e l  i n  t w o  w e e k s  -  a n  a v e r a g e  s p e e d  o f  1  * 0 7  m  ( 3 i  f t )  
p e r  w o r k i n g  h o u r .
2 . 4 * 4 * 1  H i n g i n g  c r o s s  J o i n t s
A t  t h e  t i m e  o f  t h e  F i n s b u r y  P a r k  e x p e r i m e n t a l  t u n n e l ,  e v o l u t i o n a r y  p r o g r e s s
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Fig 18a Linings used on the experimental length of the Victoria Line 
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Fig 18c •. Details of flexibly jointed cast-iron and concrete'linings
• by Mott, Hay and Anderson
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r e s u m e d  o n  a n o t h e r  a s p e c t  o f  t u n n e l l i n g  i n  L o n d o n  C l a y  -  t h e  d e s i g n  o f  t h e  
c r o s s  j o i n t s *  T h e  c a s t  i r o n  l i n i n g  h a d  a  s i m p l e  k n u c k l e  j o i n t  c o n s i s t i n g  
o f  c o n v e x  a n d  c o n c a v e  c y l i n d e r s  o f  3 1  * 2 5  1 12 11  ( 1*25  i n c h )  r a d i u s  m a c h i n e d  i n  
t h e  6 2 * 5  m m  ( 2 v > -  i n s )  w i d e  0*61 m  ( 2  f t )  l o n g  t h i c k e n e d  e n d  o f  t h e  c a s t i n g
( s e e  F i g  1 8 c ) *  A t  f i r s t  s i g h t  ( F i g  1 8 a )  t h e  c o n c r e t e  l i n i n g  a p p e a r s  t o
h a v e  a  s i m i l a r  k n u c k l e  j o i n t ,  b u t  i n  f a c t  t h e  r a d i u s  o f  t h e  c o n v e x  p a r t  w a s  
1 9 9  m m  ( 7 * 8 5  i n s )  a n d  o f  t h e  c o n c a v e  p a r t  2 0 7  m m  ( 8 * 1 5  i n s ) *  T h i s  a r r a n g e ­
m e n t  r e t a i n e d  t h e  a d v a n t a g e  o f  t h e  f u l l y  m a t i n g  k n u c k l e  i n  t h a t  i t  k e p t  
s e g m e n t s  a l i g n e d  w i t h  r e s p e c t  t o  e a c h  o t h e r  a n d  t o  t h e  t u n n e l  a x i s ,  w h i l e  
i n  a d d i t i o n  t h e  g e o m e t r y  o f  t h e  c o n t a c t  a r e a  w a s  c h a n g e d *  T h i s  w a s  n o m i ­
n a l l y  a  c e n t r a l  l i n e  c o n t a c t *  T h e  r e l a t i v e  r a d i u s . o f  t h e  t w o  r a d i i  o f  t h e
r o l l i n g  k n u c k l e  w a s  8 * 4  m  ( 2 1 3  i n s )  s o  t h a t  t a k i n g  t h e  e l a s t i c i t y  o f  t h e
c o n c r e t e  i n t o  c o n s i d e r a t i o n  a  r e a s o n a b l y  w i d e  b e a r i n g  a r e a  w a s  o b t a i n e d *
T h e  r e l a t i v e  r a d i u s  h a d  n e v e r t h e l e s s  t o  b e  s u f f i c i e n t l y  s m a l l  s o  t h a t  w h e n  
t h e  r i n g  o f  s e g m e n t s  d e f o r m e d  f r o m  a  t r u e  c i r c l e ,  a n d  a n g u l a r  m o v e m e n t  
o c c u r r e d  b e t w e e n  t h e  s e g m e n t s ,  t h e  c o n t a c t  p a t c h  w o u l d  n o t  m o v e  t o  t h e  e d g e  
o f  t h e  j o i n t *
W h e n  a  r i n g  o f  s e g m e n t s  t h a t  h a d  b e e n  i n s t r u m e n t e d  b y  t h e  B u i l d i n g  R e s e a r c h  
S t a t i o n  w a s  d i s m a n t l e d ,  t h e  a r e a  o f  c o n t a c t ,  o r  r a t h e r  t h e  a r e a  c o v e r e d  b y  
t h o s e  p a r t s  t h a t  h a d  b e e n  i n  c o n t a c t  a t  s o m e  t i m e  d u r i n g  t h e  2jr y e a r s  t h e  
r i n g  w a s  i n  t h e  t u n n e l ,  c o u l d  b e  s e e n *  T h i s  w a s  p o s s i b l e  b e c a u s e  t h e  
m a c h i n i n g  m a r k s  o n  t h e  c o n v e x  p a r t  o f  t h e  m o u l d  w e r e  , a t  r i g h t  a n g l e s  t o  
t h o s e  o n  t h e  c o n c a v e  p a r t *  T h e s e  m a r k s  w e r e  t r a n s f e r r e d  t o  t h e  c o n c r e t e  
c a s t i n g s  w h i c h  w e r e  t h e n  p a i n t e d  w i t h  b i t u m e n  p a i n t *  T h e  a r e a  o f  p a r t s  
t h a t  h a d  b e e n  i n  c o n t a c t  w a s  t r a c e d  o u t  a s  a  r e t i c u l a t e  p a t t e r n *  T h e s e  
s h o w e d  t h a t  g e n e r a l l y  t h e  a r e a  e x t e n d e d  t h e  l e n g t h  o f  t h e  j o i n t  a n d  w a s  
a b o u t  5  c m  ( 2  i n s )  w i d e  ( F i g  1 9 ) *  S o m e t i m e s ,  h o w e v e r ,  p a r t i c l e s  o f  c l a y
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Fig. 19 Segment from experimental length of
Victoria Line showing contact patch on rolling 
knuckle type of cross joint face
o f f e r  />
h a d  g o t  i n t o  t h e  j o i n t  d u r i n g  e x p a n s i o n  a n d  s o m e t i m e s  t h e  s e g m e n t s ,  h a d  
b e e n  s u f f i c i e n t l y  s k e w  t o  e a c h  o t h e r  f o r  t h e  a r e a  t o  b e  d i v i d e d  b e t w e e n  t h e  
t w o  e n d s #  N e v e r t h e l e s s  n o n e  o f  t h e s e  s e g m e n t s  s p a i l e d .  I n d e e d 0 t h e  o n l y  
d a m a g e  t h a / b  w a s  n o t i c e a b l e  i n  t h e  t u n n e l  w a s  t o  t h e  k e y  w e d g e s #  D u n t o n ,  
K e l l  a n d  M o r g a n  ( 1 9 6 5 )  r e p o r t e d  t h a t  o u t  o f  3 3 y0 0 0  s e g m e n t s  o n l y  1 0  w e r e
s e r i o u s l y  d a m a g e d .  T h e  c o n c r e t e  w a s  a  5 : 1  m i x  u s i n g  3 2  m m  ( 1 - | -  i n . )
2  o
a g g r e g a t e  t h a t  g a v e  2 8  d a y  s t r e n g t h s  o f  a r o u n d  5 5  M l ' i / m  ( 8 0 0 0  l b / i n " ' ) *
T h e  s t r e s s e s  i n  t h e  2 3  c m  ( 9  i n s )  t h i c k  c o n c r e t e  s e g m e n t s  w e r e  m e a s u r e d  b y
* 2  2
B u i l d i n g  R e s e a r c h  S t a t i o n  a n d  f o u n d  t o  b e  o n l y  a b o u t  3 « 1  M N / m  ( 4 5 0  l b / i n  ) #  
C l e a r l y  t h e  d e s i g n e r s  c o u l d  r e d u c e  t h e  t h i c k n e s s #  U n f o r t u n a t e l y  a  n u m b e r  o f  
o t h e r  m o d i f i c a t i o n s  w e r e  i n t r o d u c e d  f o r  t h e  S i r  W i l l i a m  H a l c r o w  d e s i g n e d  
s e g m e n t s  t h a t  w e r e  t o  b e  u s e d  l a t e r  o n  t h e  V i c t o r i a  L i n e #  T h e  r e l a t i v e  
r a d i u s  o f  t h e  r o l l i n g  c r o s s  j o i n t  w a s  r e g a r d e d  a s  t o o  l a r g e  f o r  t h e  1 5  c m  
( 6  i n s )  s e g m e n t s  a n d  w a s  r e d u c e d  t o  1 . 5 9  m  ( 6 2 - 4  i n s ) #  T h i s  w a s  a c h i e v e d  
b y  m a k i n g  b o t h  s u r f a c e s  t o  a  c o n v e x  r a d i u s  o f  3 * 1 7 5  m  ( 1 2 5  i n s ) *  W i t h o u t  
t h e  k n u c k l e  s h a p e  t o  r e t a i n  t h e  s e g m e n t s  c o n c e n t r i c  t o  t h e  t u n n e l 5  t h e  t o p  
s e g m e n t s  t e n d e d  t o  d r o p  a t  t h e i r  l e a d i n g  e d g e s #  T h i s  r e s u l t e d  i n  m o d i f i e d  
p o i n t  c o n t a c t  i n s t e a d  o f  m o d i f i e d  l i n e  c o n t a c t  i n  t h e  c r o s s  j o i n t  a n d  
u n s a t i s f a c t o r y  f o r m a t i o n  o f  t h e  c i r c u m f e r e n t i a l  j o i n t #  T h e  l a t t e r  w a s  d u e  
b o t h  t o  t h e  c i r c u m f e r e n t i a l  j o i n t  f a c e  n o t  b e i n g  s q u a r e  t o  t h e  a x i s  o f  t h e  
t u n n e l  a n d  t o  t h e  p o i n t  c o n t a c t s  o n  t h e  c r o s s  j o i n t s  a l l o w i n g  t h e  s e g m e n t  
t o  r o t a t e  a b o u t  a  l i n e  r a d i a l  t o  t h e  t u n n e l  a x i s #
T h e  a r g u m e n t  t h e  d e s i g n e r s  u s e d  i n  d e f e n c e  o f  t h e i r  a d o p t i n g  t h e  c o n v e x -  
c o n v e x  c r o s s  j o i n t  w a s  t h a t  s e l f - a l i g n m e n t  w o u l d  n o t  w o r k  w e l l  e n o u g h  w i t h  
a  1 5  c m  ( 6  i n s )  w i d e  r o l l i n g  k n u c k l e  a n d  t h a t  t h e  r i n g s  w o u l d  b e  b a d l y  
b u i l t  i n  a n y  c a s e #  T h e  a u t h o r  w o u l d  l o o k  f o r  a  s o l u t i o n  u s i n g  a  m o r e
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slippery  coating on the  cross jo in t faces than the bitumen th a t was tried®
A coating containing graphite or molybdenum disulphide would be b e tte r •
Having decided th a t bad building was in ev itab le  and th a t g rea te r re la tiv e  
curvature i s  needed to  keep the contact area w ithin a 15 cm (6 in s) wide 
jo in t  when i t  hinges, the  problem i s  th a t  the contact l in e  now moves more 
fo r the same ra d ia l displacement between segments* The change from convex- 
concave to  convex-convex makes the jo in t  le s s  sensitive  to  ra d ia l  d isp lace­
ments (Bubbers and Morgan, 1969, p 382, Tig 3 #7) although the same re la tiv e  
rad ius i s  used*
The other argument sometimes used against the knuckle jo in t  in  concrete i s  
th a t  i f  e rro rs  in  design or building caused overstressing , the re su ltin g  
frac tu re s  might occur a t  the back of the lin in g  and could not be seen*
The design by Messrs Mott, Hay and Anderson fo r the iron  lin in g  used in  the 
experimental length of tunnel a t  Finsbury Park was f i r s t  used as p a r t  of 
shield driven 4*27 m (14 Ft) in te rn a l diameter cooling water tunnel a t 
Belvedere Generating S tation  on the Kent bank of the Thames in  1958* I t  
was modified s lig h tly  fo r the 3*86 m (12 f t  8 in s) tunnel as Finsbury Park 
and was used fo r p a rt of the l a te r  V ictoria  Line* Two fa c to rs  contributed 
to  i t s  eventual disuse* Both consultants designed bolted  c ast iro n  l in in g s  
which could be used inside a t a i l  p la te  i f  bad ground should be encountered* 
The one th a t was made to  be interchangeable r a th  the 152 mm (6 in s) th ick  
concrete lin in g  was 3*99 m (13 f t  1 in .)  O.D. to  f i t  inside the t a i l  p la te , 
and had a flange 76 mm (3 in s) deep and a skin 25 mm (1 inch) th ic k  giving 
an in te rn a l diameter of 3*63 m (12 f t  7 in s ) .  This was used in  the over- 
breaking ground a t  Brixton (see Chapter 3)* .That.for the expanding
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12 f t  8 in s  iron  was 3*91 m (12 f t  10 in s) O.D., had a flange of 79 nun
Ti
(3V s in s) deep and a skin w ith the  tra d itio n a l  th ickness of 22 mm ( /8  in .)  
giving an in te rn a l diameter of 3*71 m (12 f t  2 ins)* At th is  timo London 
Transport Board decided th a t  3*81 m (12 f t  6 in s) should be the sm allest 
diameter on the  V ictoria  Line* I f  the diameter of the expansible lin in g  
were increased to  make the contingency lin in g  acceptable i t s  advantage of 
th inness would be lo s t*  Also th inner concrete lin in g  was now shown to  be 
safe and the p rice  of iron  was increasing so th a t  the iro n  lin in g  became 
re la tiv e ly  uneconomic*
The expansible iron  lin in g  was redesigned in  concrete and used on the 
V ic to ria  Line (Fig 18b)* A ring  was 0.61 m (2 f t  0 in .)  long, had an 
in te rn a l diameter of 3*81 m (12 f t  6 in s) and an external diam eter of 4.14 m 
(13 f t  6 in s ) .  The twelve 152 mm (5 in s) th ick  segments had knuckle cross 
jo in ts  of 102 mm (4 in s) radius.** The fea th er edge of the  concave h a lf  
was taken o ff  so th a t the two halves mated over about 60°* There was some 
s te e l reinforcem ent under the  concave half* The jo in t  hinged s a t is f a c to r i ly  
and spa lling  did not occur*
2*4*4*2 Methods of expanding the  rings
One of the  d i f f ic u l t ie s  to  be overcome by the designer of an expansible 
tunnel lin in g  i s  th a t the  size of the  hole depends on a number of fa c to rs : 
time> swelling property of the clay, s tre s s  in  the  ground e tc . Time i s  
the dominant variab le  fo r any one job because the machine may be d riv ing  a t 
meudmum speed or i t  may be unservicable fo r days. The w edge-block'lining 
can be supplied with 'key1 segments of various sizes but the f in e  adjustment 
i s  hy the distance the wedge shaped key i s  pushed and fo r th is  to  be varied
Except a t  the  in v ert jo in t  which was radial-*
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the key must be shorter than the r e s t  of the r in g . This leaves a gap 
which i s  f i l l e d  by a hessian bag of dry mortar hipped by the moving key*
A sim ilar f a c i l i t y  was provided by the folding wedges of the  229 mm (9 in s) 
th ick  experimental lin in g  used a t  Finsbury Park except th a t  here the 
reinforced  concrete wedges often  broke under the determined e f fo r t  of the 
miners to  'g e t the key in * . In view of the complicated shape of these  
wedges which had to  f i t  the convex and concave surfaces of the  segments, 
c as t iron  would have been a b e tte r  m ate ria l.
Perhaps because of the untidy  look presented by the  crown of these otherwise 
near-perfec t tunnels, the l in in g s  used on the V ictoria  Line reverted  to  
expansion a t  the knee jo in t  as in  the  P o tte rs  Bar and Hadley Wood tunnels .
The Mott, Hay and Anderson design in  concrete used the same p rin c ip le  th a t 
had been used in  th e ir  expanded cast iron  lin in g  so th a t  the jack  was 
immediately availab le  fo r re -u se . Tapered concrete packing p ieces bore on 
a slan ting  plane surface on the  pocketed segment and on a 'h a lf-ro u n d ' piece 
of cas t iro n  f i l l i n g  the concave cross jo in t  surface of the  segment below 
(see Fig 18c). Thus the jo in t  could s t i l l  hinge during the ea rly  l i f e  of 
the tunnel before the f i l l e r  block was mortared in to  the jacking pocket.
No spalling  occurred.
The concrete lin in g  f in a l ly  designed by S ir  William Halerow and Partners 
fo r the V ictoria  Line was a lso  expanded a t  the two knee jo in ts  but in  order 
to  avoid f i l l i n g  gaps w ith mortar, a packing piece with r a d ia l  cross jo in ts  
having the same 3*175 m (125 ins) rad ius rocker was in se rted  in to  each knee 
jo in t  from the  fro n t of the r in g . To provide fo r  v a ria tio n  in  the size  of 
the excavation, the nominally 203*2 mm (8 in s) wide packer was made in
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15 sizes varying in  1 *6 mm 0 /1  6 in .)  increments between 188.9 mm (7fyl6 in s) 
wide and 211.1 mm (8^/16 in s) wide. The jacks had to  bridge across these 
packers, and claws attached to  them entered pockets in  the  adjacent segments. 
The claws only bore on the  concrete a t the bottom of pockets so th a t  the 
th ru s t  would be on the  centre  lin e  of the r in g . The intended procedure a t  
th is  stage was to  p ressu rise  the p a irs  of jacks a t  the two knee jo in ts  to  
give a th ru s t  in  the ring  of 350 kN (35 to n s) , se lec t the appropriate sized 
packers and then l e t  the load onto the packers, losing 50 kN (5 tons) per 
1 .6  mm (V l6  in .)  con traction  of the circumference. In the  f i r s t  stage 
the arch of the ring  was to  be suspended on the  two p a irs  of jack s . I f  
the d ifference  in  th ru s t between the two p a irs  exceeded the  f r ic t io n  of the 
lin in g  against the clay  the lin in g  would move as one j ack opened and the 
other closed . This in  fa c t  happened and the miners modified the  building 
procedure so th a t the equipment provided could be used.
At P o tte rs  Bar the f r ic t io n  around the ring  was large  and the jacking loads 
were smaller* At th is  time the  idea seems to  have been le s s  to  p re s tre ss  
the concrete against the ground than to  make i t  a good f i t  in  l ie u  of 
grouting. The wedge shaped packers in  the  Mott, Hay and Anderson system 
could be fed in  to  follow  the growing gaps as the  ring  was jacked. With 
four packers each, the gaps could e a s ily  be kept equal and even i f  the 
wrong sized packers had been chosen i n i t i a l l y ,  coarse adjustment could be 
made by changing them.
The load in  th ree  instrumented rings in  a section  of Halcrow lin in g  was 
measured and found to  be 120 kN (12 tons) ra th e r  than the 360 kN (36 tons) 
indicated  hy the Bourdon gauges in  the o i l  l in e  to  the jacks* The rams of 
the jacks were e ccen trica lly  loaded which would have introduced ad d itio n a l
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f r ic t io n .  Also having four hydrau lically  independent jacks in  the 
expanding system, when the  double convex cross jo in ts  already gave the ring  
an unusual amount of freedom, resu lted  in  badly b u il t  r in g s .
For e rec ting  the concrete lin in g  fo r the P iccad illy  Line extension tunnel 
between Hatton Cross and Heathrow s ta tio n s  the segments were b u i l t  on a 
former hoop sim ilar to th a t used to  improve the shape of the ring  when the 
o f Denseg was f i r s t  t r ie d .  The segments of the upper h a lf  of the ring  were
tem porarily secured to  the  former by the holes th a t are c a s t in  th e  segments 
fo r the l a t e r  attachment of cable brackets e tc  with expanding dowels. In 
th is  way a good shape i s  given to  th e  h a lf  ring  before i t  i s  o ffered  up to  
the clay  surface. The in v e rt of the  ring  i s  easie r to  build  c o rre c tly .
This new lin in g , of 3*81 m (12 f t  6 in s) diameter and 15 cm (6 in s) thickness 
designed by S ir William Halcrow and Partners consists  of 22 segments. The 
cross jo in t  faces have a rad ius of 3 m (118 in s) in  the plane of the  ring  
and a rad iu s of 13 m (512 in s) in  the plane a t  r ig h t singles. One imagines 
th a t  th is  would su ffer from the same building fa u l ts  as the Halcrow V ictoria  
Line r in g , but to  a g rea te r ex tent, i f  i t  were not b u i l t  w ith the help of 
the former r in g . However, having decided to  use a former rin g  a t  a l l ,  no 
doubt the increased a rtic u la tio n  caused no fu rth e r tro u b le . The advantage 
of a segment which only has an arc of 18° and which has c lean ly  shaped 
jo in t  faces l i e s  in  p o te n tia l ease of manufacture. The con tracto r 
John Mowlem opted to  p ress the segments. The only m odification to  the 
segment th a t  th is  required  was to  make the  th ree  dowel holes p a ra l le l  to  
each o ther, ie  the two end ones could no longer be s t r i c t l y  r a d ia l .  The
A former was used fo r the  London A irport Cargo tunnel but th e re  the primary 
objective was in s ta n t support. Nevertheless, i t  probably made i t  e as ie r  to  
build  well and in  the present case the rap id  support i s  an ad d itio n a l bonus.
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Fielding and P la t t  concrete press required ra th e r  expensive moulds but 
because i t  could produce segments a t  the r a te  of one a minute and they are 
used in  the  tunnel a t  the ra te  of about one every five  minutes, the 
necessary number of conventional moulds would have cost, about the same.
An add itional fac to r in  favour of the p ress i s  th a t conventional moulds 
often  su ffer damage a t  the hands of the low grade labour used in  demoulding.
The 0.6 m (2 f t )  long ring  i s  b u i l t  up from four d iffe re n t kinds of segment. 
The in v e rt consists  of fiv e  segments of the basic type; then , a t  each knee 
jo in t ,  there  are th ree  segments by which the  rin g  i s  expanded. These th ree  
are used in  exactly  the same way as the  ‘key1 and two 'top ' segments' of the 
Wedge-block lin in g . The wedge shaped key i s  narrower, about 20 cm (8 in s) 
a t the wide end, but the taper i s  the same. Eleven more of the basic type 
of segment complete the r in g . The knee jo in ts  would be the best place to  
expand th e  ring  in  view of the fa c t th a t  the upper p a rt of the ring  i s  
pre-assembled on the former hoop.
The ra te  of progress with th is  lin in g  and a machine yet to  be described was 
on average 120 rings (73 m) (24.0 f t )  per week. The fin ished  tunnel does 
not look so neat as, and the cross jo in ts  show considerably more r o l l  than, 
the  ex-V ictoria Line, Mott, Hay and Anderson, lin in g  in  the twin tu n n el.
In  a railw ay tunnel e rro rs  in  r o l l  are a nuisance because they make i t  more 
d i f f ic u l t  to  lay  cab les .in  s tra ig h t l in e s ;  cable brackets have to  be made 
s lo tte d  and then adjusted in  the tunnel.
The argument in  favour of using the double curve on both halves of the cross 
jo in t  i s  th a t  with short segments the rin g  i s  very l ik e ly  to  be b u i l t  so 
th a t  the c ircum ferential jo in t  faces of the  segments do not l i e  in  one plane;
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t h e n  i f  t h e  j o i n t  w e r e  - s i n g l e  c o n v e x  t o  s i n g l e  c o n v e x ,  p o i n t  c o n t a c t  w o u l d - '  
s t i l l  o c c u r  a t  t h e  e n d s .
2 . 5  M O D E R N  T I J N 1 I E L L 1 N G  M A G I H I E S  :
2 . 5 . 1  V i c t o r i a .  L i n e  m a c h i n e s
F o r  t h e  V i c t o r i a  L i n e  b e t w e e n  V i c t o r i a  a n d  W a l t h a m s t o w  ( h o e  S t r e e t )
( e x c l u d i n g  t h e  e x p e r i m e n t a l  l e n g t h  c o m p l e t e d  i n  1 9 6 2 )  L o n d o n  T r a n s p o r t  
B o a r d  b o u g h t  s o m e  t w e n t y  s h i e l d s  o f  v a r i o u s  s i z e s .  E i g h t  w e r e  s h i e l d e d  
t u n n e l l i n g  m a c h i n e s .  T w o  w e r e  t h e  ' i l l  d r u m  d i g g e r s 1 f r o m  t h e  e x p e r i m e n t a l  
l e n g t h  r e c o n s t r u c t e d  a s  ! H k  I  m a c h i n e s ’ «  T w o  m o r e ,  c a l l e d  M a r k  I I  m a c h i n e s ,  
e m p l o y e d  a  n e w  s l o w  s p e e d ,  h i g h  t o r q u e ,  h y d r a u l i c  m o t o r .  T h i s  w a s  t h e  
S t a f f a  r a d i a l  m o t o r  m a d e  b y  C h a m b e r l a i n  I n d u s t r i e s  a n d  d e v e l o p e d  w i t h  t h e  
h e l p  o f  C e n t r a l  E n g i n e e r i n g  E s t a b l i s h m e n t  ( n o w  t h e  / M i n i n g  R e s e a r c h  a n d  
D e v e l o p m e n t  E s t a b l i s h m e n t )  o f  t h e  N a t i o n a l  C o a l  B o a r d .  I n  a b o u t  1 9 5 6  t h e i r '  
M r  I I  H o n k  r e d e s i g n e d  t h e  o r i g i n a l  S t a f f a  m o t o r  a s  a  m o n o b l o c  u n i t  w h i c h  
c o u l d  w o r k  a t  h i g h  p r e s s u r e s  a n d  s l o w  s p e e d .  T h e  p o w e r  t o  s i r e  r a t i o  n o w  
a t t a i n e d  e n a b l e d  t h e  m o t o r  t o  r e p l a c e  t h e  g e a r e d  p n e u m a t i c  m o t o r s ,  u s e d  
w i t h  c o a l  c o n v e y o r s  i n  c o n f i n e d  s p a c e a o  S i n c e  t h e n  o v e r  5 0 , 0 0 0  o f  t h e s e  
m o t o r s  h a v e  b e e n  m a d e  a n d  t h e i r  a p p l i c a t i o n  h a s  s p r e a d  t o  a u g e r s ,  w i n c h e s ,  
d r e d g e r s ,  c r a n e s  e t c .  T h e  K i n n e a r  H o o d i e  M a r k  I I  d r u m  d i g g e r  e m p l o y e d  
f o u r  o f  t h e  f i v e  c y l i n d e r  m o t o r s  t h e n  r a t e d  a t  5 0  h p  e a c h ,  p i n i o n s  o n  t h e  
m o t o r  s h a f t s  d i r e c t l y  e n g a g e d  a  g e a r  r i n g  o n  t h e  d r u m  g i v i n g  a  r e d u c t i o n  i n  
s p e e d  o f  a  t e n t h *  T h e  d r u m  w a s  u s u a l l y  r o t a t e d  a t  4  n p m  ( s e e  E i g  1 7 ) .
T h e  f o u r  o t h e r  t u n n e l l i n g  m a c h i n e s  w e r e  b u i l t  b y  S i r  R o b e r t  M c A l p i n c  a n d  
S o i i s  a n d  u l s o  e m p l o y e d  S t a f f a  h y d r a u l i c  m o t o r s *  T h o s e  w o r e  l a r g e r  u n i t s
, 9
h a v i n g  s e v e n  c y l i n d e r s  a n d  w e r e  r a t e d  a t  4 4 * 7  k N  ( 6 0  l i p ) .  A t  1  J>,o M h / i r T  
( 2 0 0 0  l b / i n * ” )  t h e  t o r q u e  a v a i l a b l e  f r o m  t h e  u n i t  v / a s  9  k h / m  ( 6 6 5 0  l b / f t )
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c o m p a r e d  t o  6 * 2 5  k i y ' m  ( A 600 l b / f t )  f r o m  t h e  s m a l l e r  u n i t  ( E n g i n e e r i n g ,
1 9 5 9 ,  v o l  1 8 8 ,  p p  4 . 2 1  a n d  569 ) .
F o u r  o f  t h e s e  m o t o r s ,  w h i c h  c o u l d  b e  u s e d  a t  l o w e r  s p e e d s  t h a n  t h e  f i v e
c y l i n d e r  v e r s i o n ,  b o r o  p i n i o n s  w h i c h  d r o v e  a  l a r g e  p i n  w h e e l  a t  t h e  r e a r  o f
t h e  c u t t i n g  h e a d ,  t h e  r e d u c t i o n  b e i n g  3 : 2 0  ( s e e  F i g  1 7 ) .
T h e  M c A l p i n e  m a c h i n e  h a d  o r i g i n a t e d  a s  a  5 * 3 3  m  ( 1 7  f t  6  i n s )  O . D .  
m e c h a n i s e d  s h i e l d  c o m p l e t e  w i t h  t a i l  p l a t e  a n d  u s e d  w i t h  a  4 * 9  m  ( 1 6  f t )  *
I . D .  c a s t  i r o n  l i n i n g  i n  v a r v e d  c l a y  a n d  g l a c i a l  t i l l  f o r  d r i v i n g  t u n n e l s  
f o r m i n g  p a r t  o f  t h e  T o r o n t o  s u b w a y  ( B a r t l e t t ,  K o s k i e w i c a  a n d  R a m s a y ,  1 9 6 5 ) .
A  s i m p l e  m o d i f i c a t i o n  v ; a s  t r i e d  h e r e  t o  o v e r c o m e  t h e  d i f f i c u l t y  o f  c h a n g i n g  
b e a d s  o n  t h e  c u t t i n g  e d g e  w h i l s t  d e t e r m i n i n g  t h e  o p t i m u m  c l e a r a n c e  o v e r  t h e  
s h i e l d  s k i n *  A n  e d g e  t o o t h  c u t t e r  w a s  p u t  o n  t h e  c u t t i n g  h e a d  s o  t h a t
i t  c o u l d  c u t  6  m m  0 / A  i n . )  . o r  s o  b e y o n d  t h e  s k i n *  T h e  b o t t o m  q u a d r a n t
o f  t h e  s k i n  b o r e  a  s o l e  p l a t e  6  m m  ( V A  i n )  t h i c k  s o  t h a t  t h e  s h i e l d  d i d  
n o t  ‘ d i v e 1 *  l l h e n  t h e  o v e r c u t t i n g  m e t h o d  o f  p r o v i d i n g  s k i n  p l a t e  c l e a r a n c e  
w a s  t r i e d  o n  t h e  V i c t o r i a  L i n e  t h e  m a c h i n e  b e c a m e  M i r e c t i o n a l l y  u n s t a b l e 1 
( C l a r k  e t  a l ,  1 9 6 9 ) .
T h e r e  o r e  t w o  a s p e c t s  t o  t h e  s t e e r i n g  p r o b l e m ,  b o t h  o f i - w h i c h  a r e  r e l e v a n t  
t o  t h e  c h a n g e  f r o m  T o r o n t o  a n d  L o n d o n ,  t h e  s h i e l d  a n d  t h e  l i n i n g .  A  s h i e l d  
i s  s t e e r e d  b y  u s i n g  o n l y ,  o r  m o s t l y ,  t h o s e  s h o v e  r a m s  - w h i c h  a r e  o n  t h e  
o u t s i d e  o f  t h e  i n t e n d e d  c u r v e .  T h e  r a m  t l i r u s t  i s  r e s i s t e d  b y  t h e  f o r c e s  o n  
t h e  c u t t i n g  e d g e  a n d  t h e  r e s u l t a n t  o f  t h e s e  l i e s  o n ,  o r  a p p r o x i m a t e l y  o n ,  
t h e  a x i s  o f  t h e  s h i e l d #  T h i s  r e s u l t a n t  f o r c e  i s  n o t  i n - l i n e  v r i t h  t h a t  o f  
t h e  c h o s e n  g r o u p  o f  r a m s  s o  a  c o u p l e  i s  p r o d u c e d  w l i i c h  t u r n s  t h e  s h i e l d .
I f  t h e  c l a y  a h e a d  o f  t h e  s h i e l d  l i a s  a l r e a d y  b e e n  c u t  b y  a n  o v e r s i z e d  c u t t i n g
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h e a d /  t h e  ’ r e s i s t a n c e "  o f  - t h e .  c u t t i n g  • • . e d g e , ' . a n d  h e n c e  t h o  c o u p l e ,  i n  e m a i l  •
I t  m a y  b e  t o o - . e m a i l  t o  o v o r c o m e  t h e  f r i c t i o n  b e t w e e n  t h o  s k i n  a n d  c l a y  
a n d  b e t w e e n  t h e  r a i n  s h o e s  a n d - t h o - l i n i n g .  I f  t h e  h o l e  i s  u n d e r c u t  t h e  
n e c e s s a r y  r e s i s t a n c e  i s  a v a i l a b l e -  j u s t  a s  w i t h  a  h a n d  s h i e l d .  T h e  o t h e r  
a s p e c t  i s  s t e e r i n g  b o t h  t h e  s h i e l d  a n d  t h e  t u n n e l  i t s e l f  b y  i n s e r t i n g  
p a c k i n g  i n  t h e  c i r c u m f e r e n t i a l :  j o i n t s  o f  t h e  l i n i n g .  T h e  c a s t  i r o n  
l i n i n g  a t  T o r o n t o  h a d  c o r r e c t i o n s  t o  l i n e  a n d  l e v e l  11 m a d e  w i t h  m a c h i n e d  
t a p e r e d  r i n g s ,  w i t h  1  i n c h  t a p e r  o n  t h e  1 7  f t  e x t e r n a l  d i a m e t e r .  T h e s e  
r i n g s  h a d  b e e n  s u r p r i s i n g l y  c h e a p H  ( B a r t l e t t  o t  a l ) .  h o o d  p a c k i n g  i n t r o ­
d u c e s  s t e e r i n g  d i f f i c u l t i e s  b e c a u s e  o f  i t s  c o m p r e s s i b i l i t y .  T h e  s i d e  w h i c h  
i s  p a c k e d  m o v e s  m o r e  w h e n  t h e  s h i e l d  r a m  p r e s s u r o s  a r e  e x e r t e d ,  b o t h  b e c a u s o  
t h e r e  i s  m o r e  p a c k i n g  a n d  b e c a u s e  m o r e  t l i r u s t  i s  u s e d  o n  t h e  s i d e  t h e  
m i n e r  w i s h e s  t o  a d v a n c e .  A l s o ,  m o v e m e n t  i s  n o t  c o n f i n e d  t o  t h e  l a s t  r i n g  
o f  p a c k i n g .
T h e r e  w a s  a l s o  s o m e  a n x i e t y  l e s t  t h e  e d g e  o f  t h e  s o l e  p l a t e  s h o u l d  c u t  a  
s t e p  i n  t h e  c l a y  a n d  c a u s e  d i f f i c u l t i e s  i n  t h e  u s e  o f  a n  o i q x m d e d  l i n i n g .  
H e n c e  t h e  f i n a l  d e c i s i o n  w a s  t o  u n d e r c u t  b y  3 6  m m  ( 3  i n s )  a n d  t r i m  t o  s i z e  
w i t h  t h e  c u t t i n g  e d g e  f i t t e d  w i t h  a  b e a d  i n  t h e  n o r m a l  w a y *
T h e  M c A l p i n e  m a c h i n e  n o t  o n l y  h a d  m o r e  p o w e r f u l  m o t o r s  t h a n  t h e  i l k  I I
k i n n c a r  H o o d i e  m a c h i n e  b u t  i t  h a d  s h i e l d  r a m s  o f  216  n u n  ( 8 b  i n s )  b o r e
■ c o m p a r e d  t o  1 7 8  m m  ( 7  i n s ) .  T h e  n u m b e r  a n d  a r r a n g e m e n t  o f  t h e s e  d e p e n d e d
o n  t h e  l i n i n g  w i t h - W h i c h  . t h e y . . w e r e  u s e d .  T h e  a r r a n g e m e n t s  s h o w n  i n  d i g  1 7
w e r e  b o t h  s u i t a b l e  f o r  e i t h e r  t h e  3 * 8 1  m  ( 1 2  f t  6  i n s )  1 2 - s e g m e n t  c o n c r e t e  
l i n i n g  d e s i g n e d  b y  M o t t ,  H a y  a n d  A n d e r s o n  o r  t h e  3 * 8 6  m  ( 1 2  f t  7  i n s )  c a s t  
i r o n  l i n i n g  o f  6  s e g m e n t s  a n d  a  k e y .  A l s o  t h e r e  W a s  e n o u g h  p o w e r  t o  
s p a r e  t o  j u s t i f y  a  m o r e  s o p h i s t i c a t e d  h y d r a u l i c  c i r c u i t  w h i c h  l i n k e d  t h e
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s h o v i n g  r a t e  w i t h  t h e  c u t t i n g  r a t e .  T h i s  h a d  b e e n  t r i e d  o n  t h e  f i r s t  
K i n n o a r  H o o d i e  m a c h i n e  b u t  w a s  a b a n d o n e d .  o h o v i n g  a n d  d i g g i n g  w e r e  
b a l a n c e d  b y  h a n d  w h e n  t h e  K i n n o a r  M o o d i e  m a c h i n e  w a s  u s e d  o n  t h e  V i c t o r i a  
L i n e .  ,
T h e  c u t t i n g  h e a d  o f  t h e  M c A l p i n e  m a c h i n e  w a s  i n  t h e  f o r m  o f  a  c r o s s ,  b e a r i n g  
c h i s e l  p o i n t e d  p i c k s  o f  r a t h e r  s t o u t e r  s e c t i o n  t h a n  t h o s e  o n  t h e  b i l i n e a r  
M o o d i e  m a c h i n e .  A  b o s s  a t  t h e  c e n t r e  w a s  s t u d d e d  w i t h  p i c k s .  T h e  h e a d  
w a s  c a r r i e d  o n  a  s h a f t  m o u n t e d  o n  b e a r i n g s  i n  s t o u t  h o r i z o n t a l  b e a m s  
c r o s s i n g  t h e  s h i e l d .  T h e  c o n v e y o r  o c c u p i e d  a  p o s i t i o n  a b o v e  t h e  s h a f t  
h e n c e  t h e  m u c k  h a d  t o  b e  l i f t e d  t o / t h e  t o p  o f  t h e  m a c h i n e  a n d  t h e n  p a s s e d  
b a c k  t o  t h e  c o n v e y o r .  T h i s  w a s  a c h i e v e d  b y  m a k i n g  t h e  p e r i p h e r y  o f  t h e  
h e a d  i n  t h e  f o r m  o f  t w o  f r u s t a  o f  s t e e l  m e t a l  c o n e s  a r r a n g e d  c o n c e n t r i c a l l y .  
T h e  a n n u l a r  s p a c e  b e t w e e n  t h e m  v i a s  d i v i d e d  b y  r a d i a l  p l a t e s *  M u c k  w h i c h  
f e l l  o n  t h e  i n n e r  c o n e  a t  i t s  l o w e s t  p a r t  s l i d  f o r w a r d  t o  t h e  f a c e  a n d  t h e n  
b a c k  i n  t o  t h e  a n n u l a r  s p o . e e  ( l a b e l l e d  ' a n n u l a r  p i c k  u p  b u c k e t s '  i n  Mg 17)* 
I t  w a s  t h e n  c a r r i e d  u p  t o  t h e  t o p  o f  t h e  m a c h i n e  w h e r e  t h e  s e g m e n t  of 
' b u c k e t 1 w a s  u p s i d e  d o w n .  I t  w a s  t h e n  f r e e  t o  f a l l  d o w n  o n t o  t h e  o t h e r  
s i d e  o f  t h e  i n n e r  c o n e  w h i c h  d e f l e c t e d  i t  b a c k w a r d s  o n t o  t h e  c o n v e y o r .
E n r l y  e x p e r i e n c e  w i t h ' t h e  K i n n e a r  M o o d i e  m a c h i n e  ( C u t h b e r t  a n d  W o o d ,  1 9 6 2 )  
h a d  b e e n  t h a t  i t  o v e r b r o k e  t h e  g r o u n d  m o r e  t h a n  d i d  h a n d  s h i e l d s .  T h i s  
w a s  t h o u g h t  t o  b e  b e c a u s e  t h e  c u t t i n g  h e a d  p r o t r u d e d  a h e a d  o f  t h e  c u t t i n g  
e d g e  a n d  c o u l d  t r a n s m i t  s h e a r  f o r c e s  t o  t h e  s u r r o u n d i n g  g r o u n d .  H e n c e  t h e  
M c A l p i n e  a n d  s u b s e q u e n t  m a c h i n e s  h a v e  b e e n  d e s i g n e d  w i t h  t h o  c u t t i n g  liea d  
s e t  b a c k  i n  t h e  c u t t i n g  e d g e .  T h e  r e s u l t s  c o n f i r m  t h e  v i e w s  o f  C u t h b e r t .  
a n d  V / o o d .  T h i s  w a s  a c h i e v e d  w i t h  v e r y  l i t t l e  i n c r e a s e i n  t h e  l e n g t h  of 
t h e  s h i e l d  s k i n  p l a t e  m i d  r e s u l t e d  i n  s u p e r i o r  m a n o o v e r a b i l i t y  o f  t h e  
M c A l p i n e  m a c h i n e .  ■-
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T h e  d i f f e r e n c e  i n  d e s i g n  p h i l o s o p h y  o f  t h o  t w o  m a c h i n e s  g a v e  r i s e  t o  a  
d i f f e r e n c e  i n  a p p r o a c h  t o  m a i n t e n a n c e *  - T h e ' d r u m  d i g g e r  h a d  i t s  w o r k i n g  
■ ' ■ p a r t s  s h i e l d e d  f r o m  t h e  m u c k y  t h e  g r e a t e r  d i f f i c u l t y  o f  s e r v i c i n g  i t  w a s  
o f f s e t  b y  i t s  l e s s e r  n e e d  f o r  a t t e n t i o n .  T h e  M c A l p i n e  m a c h i n e ,  p a r t i c u ­
l a r l y  t h e  p i n  w h e e l / w a s  v u l n e r a b l e  t o  a b r a s i o n  b y  t h e  s i l t y  c l a y  b u t  c o u l d  
b e  c l e a n e d  e a s i l y .  T h e  c e n t r e  s h a f t  b e a r i n g  c o u l d  b o  e a s i l y  g r e a s e d ,  t h e  
i n g o i n g  g r e a s e  e x p e l l i n g  a n y  d i r t  t h a t  h a d  e n t e r e d .  T h e s e  d i f f i c u l t i e s  
w e r e  i l l u s t r a t e d  w h e n  b y  c h a n c e ,  o r  m i s t a k e ,  i t  h a p p e n e d  t h a t  o n e  o f  t h e  
M c A l p i n e  m a c h i n e s  W a s  U s e d  o n  a  K i n n e a r  M o o d i e  c o n t r a c t *  T h e  s h a f t  b e a r i n g  
o n l y  j u s t  l a s t e d  t h e  d r i v e •
N e v e r t h e l e s s ,  b o t h  d e s i g n s  a r e  p r o v e d  t o  b e  b a s i c a l l y  s o u n d  b y  t h o  f a c t  
t h a t  m a c h i n e s  o f  b o t h  t y p e s  a r e  s t i l l  u s e d  a n d  d i f f e r  o n l y  i n  d e t a i l  f r o m  
t h e  1 9 6 2  v e r s i o n s .  R e c e n t l y  ( s u m m e r  1 9 7 2 )  a  c e n t r e  s h a f t  m a c h i n e  w a s  u s e d  
f o r  a  2 . 5 4  . n i  ( 1 0 0  i n s )  t u n n e l  i n  t h e  L o n d o n  C l a y  a t  d o u t h e n d  i n  c o n t r a v e n ­
t i o n  o f  t h e  i d e a  t h a t  f i r s t  b r o u g h t  h y d r a u l i c  m o t o r s  t o  t u n n e l l i n g  m c h i n o s .  
T h i s  l i a s  a c h i e v e d  b y  r e d u c i n g  t h e  d e p t h  o f  t h e  m a i n  c r o s s  b e a m  a n d  p u t t i n g  
a  d o u b l e  c r a n k  i n  i t  s o  t h a t  t h e  p a r t  h o l d i n g  t h e  b e a r i n g s  i s  s u r r o u n d e d  
b y  t h e  c u t t i n g  h e a d .  T h e  s h a f t  n o  l o n g e r  r e s t r i c t e d  t h e  p l a c i n g  o f  t h e  
c o n v e y o r *
A c c e s s  t o  t h e  f a c e  w a s  d i f f i c u l t  i n  b o t h  m a c h i n e s .  I t  w a s  m o r e  d a n g e r o u s  
t o  b e  a t  t h e  f a c e  i n  t h e  K M  m a c h i n e  b e c a u s e  t w o  f e e t  o f  g r o u n d  w e r e  n o t  
o n l y  u n s u p p o r t e d  b u t  m o r e  d i s t u r b e d .  I f  t h e  c l a y  w a s  w e t  a n d  s t i c k y ,  a s  
u n d e r  t h e  R e g e n t 1 s  C a n a l  a n d  u n d e r  t h e  R i v e r  L e e ,  i t  w a s  n e c e s s a r y  t o  g o  
g.f o r w a r d '  t o  c l e a n  t h e  m u c k  d e f l e c t i n g  p a d d l e s  w h i c h  t h o  a c c r e t e d  l a y e r  o f  
c l a y  m a d e  t h e  w r o n g  s h a p e ,  o r ,  i n  t h e  o t h e r  m a c h i n e ,  t o . a v o i d  t h e  d a n g e r  o f  
t h e  o u t e r  c o n e  b i n d i n g  o n  t h e  s h i e l d  s k i n •
I n  a  h a n d  s h i e l d  i t  i s  u s u a l  t o  t i m b e r  t h e  f a c e  w h e n . i t  i s  l e f t  u n a t t e n d e d .  
U i t h  t h e  d i f f i c u l t y  o f  a c c e s s  i n  t h e s e  m a c h i n e s ,  t o g e t h e r  w i t h  t h e  a w k w a r d  
s h a p e  o f  t h e  s p a c e s  b e t w e e n  t h e  a r m s ,  t h i s  p r e c a u t i o n  w a s  n e g l e c t e d ,  i t  
b e i n g  h o p e d  t h a t  t h e  a r m s  t h e m s e l v e s  w o u l d  o f f e r  s o m e  s u p p o r t .  O n  t w o  
o c c a s i o n s  r u n s  o f  w a t e r  b e a r i n g  b a l l a s t  o c c u r r e d  a n d  d i g g e r  s h i e l d s  w o r e  
b u r i e d  f o r  m o n t h s ,  w h e r e a s  w h e n  a  r u n  o c c u r r e d  d u r i n g  a  h a n d  d r i v e  t h e  f a c e  
w a s  r e c o v e r e d  a n d  s u i t a b l e  a c t i o n  t a k e n  f a i r l y  q u i c k l y  ( M o r g a n  a n d  L u b b e r s ,
1969 ) .
I t  h a s  b e e n  f r e q u e n t l y  s u g g e s t e d  t h a t  m i n o r s  s h o u l d . i n v e s t i g a t e  p o t e n t i a l l y  
b a d  g r o u n d  b y  b o r i n g  a h e a d  m i d  u p w a r d s  f r o m  t h e  f a c e ,  b u t  a g a i n  t h i s  w o u l d  
h a v e  b e e n  d i f f i c u l t  f r o m  e i t h e r  m a c h i n e .  M o r e o v e r ,  t h e r e  a r e  f e w  t h i n g s  
t h a t  c a n  b e  d o n e  i f ,  s a y ,  a  v e r y  s h a l l o w ,  c o v e r  o f  c l a y  i s  f o u n d .  T h e  
p r a c t i c a l  c h o i c e s  s e e m  t o  b e  t h e  e x t r e m e  o n e s  o f  p u t t i n g  t h e  t u n n e l  u n d e r  
c o m p r e s s e d  a i r  o r  c a r r y i n g  o n  a s  f a s t  a s  p o s s i b l e  s o  t h a t  w e a k n e s s e s  i n  t h e  
c l a y  d o  n o t  h a v e  t i m e  t o  d e v e l o p ®  T h i s  w o u l d  m e a n  n o t  s t o p p i n g  f o r  
w e e k e n d s ,  n o t  d o i n g  a n y  m a i n t e n a n c e  n o r  e v e n  a n y  f u r t h e r  p r o b i n g  a h e a d •
T h e  c o n c l u s i o n  r e a c h e d  b y  L o n d o n  T r a n s p o r t  B o a r d  w a d  t h a t  t h e s e  m a c b i n e s  
w e r e  n o t  s u f f i c i e n t l y  v e r s a t i l e  t o  u s e  i n  g r o u n d  w h e r e  b u r i e d  c h a n n e l s  m i g h t  
e x i s t  a n d  w h e n  t h e  V i c t o r i a  L i n e  w a s  e x t e n d e d  s o u t h  o f  t h e  r i v e r  t h e y  w o r e  
n o t  u s e d .
T h e  r e a l i s a t i o n  o f  t h i s  p r o b l e m  l i a s  l e d  t o  a n  e v o l u t i o n a r y  b r a n c h i n g  i n  t h e  
d e s i g n  o f  t u n n e l l i n g  m a c h i n e r y .  F o r  t u n n e l s  W i t h  a  l a r g e  d e p t h / d i a m e t e r  
r a t i o ,  p o w e r f u l ,  f a s t ,  f u l l  f a c e  m a c h i n e s  h a v e  c o n t i n u e d  t h o  l i n e  o f  
d e v e l o p m e n t  f r o m  t h e  P r i c e  m a c h i n e  t h r o u g h  t h o  1 K M  D r u m  d i g g e r '  t o  ( f o r  
i n s t a n c e )  t h e  L u t t a l l - P r i e s t l e y  m a c h i n e  ( s e c  l a t e r ) .  O n  t h e  o t h e r  h a n d  
w h e r e  m a c h i n e s  a r e  r e q u i r e d  f o r  r e l a t i v e l y  s h a l l o w  t u n n e l s ,  t h e r e  l i a s  b o o n
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a  r e t u r n  t o  t h e  T h o m p s o n  c o n c e p t  o f  m a k i n g  t h e  s h i e l d  a n d  e x c a v a t o r  e a s i l y  
s e p a r a b l e *  .
2 . 5 * 2  M o d e r n  m a c h i n e s  f o r  s h a l l o v r  t u n n e l s
M a c h i n e s  f o r  t h e  P i c c a d i l 3 . y  l i n e  e x t e n s i o n  u n d e r  L o n d o n  A i r p o r t  a n d  f o r  t h e  
F l e e t  l i n e  f a l l  i n t o  t h i s  c a t e g o r y #  T h e  s h i e l d  c o n t i n u e s  t o  c u t  t h e  e d g e  
o f  t h e  h o l e  a n d  i n  t h e  c a s e  o f  a n  e x p a n s i b l e  l i n i n g  t o  f o r m  t h e  s h a p e  t o  
w h i c h  t h e  s e g m e n t s  a r e  e x p a n d e d #  I t  a l s o  t o w s  t h e  s l e d g e  c a r r y i n g  t h e  u s u a l  
p o w e r  p a c k s ,  m u c k  d i s p o s a l  g e a r  e t c  a n d  a l s o  h a s  s p a c e  f o r  t h e  n o w  m o b i l e  \  
e x c a v a t o r .  S e g m e n t  e r e c t i n g  g e a r  ( s e e  p a g e  1 0 7 )  i s  a l s o  c l o s e l y  a s s o c i a t e d  
w i t h  t h e  s h i e l d  a n d  c a n  b e  d e s i g n e d  s o  t h a t ,  w h e n  l o a d e d  w i t h  t h e  s e g m e n t s  
w h i c h  a r e  t o  f o r m  t h e  t o p  h a l f  o f  t h e  r i n g ,  i t  p r o v i d e s  p r o t e c t i o n  a g a i n s t  
a  ' b a c k  r u n '  t o  w h i c h  t h e  t a i l l e s s  s h i e l d  i s  v u l n e r a b l e #
M o v i n g  t h e  e x c a v a t o r  b a c k  o n t o  t h e  s l e d g e  a l s o  g i v e s  t h e  d e s i g n e r  a  c h a n c e  
t o  m a k e  t h e  s h i e l d  s h o r t e r  w h i c h ,  i n  a d d i t i o n  t o  m a k i n g  i t  e a s i e r  t o  s t e e r ,  
v a i l  l a t e r  b o  s h o w n  t o  b e  a d v a n t a g e o u s  i n  c o n n e c t i o n  w i t h  s u p p o r t i n g  t h e  
c l o y #  ■ T h e  P r i e s t l e y  s h i e l d s  fo r t h e  P i c c a d i l l y  l i n o  ore 2 . ^ 3  m  ( o  f t )  
l o n g  w h e r e a s  t h e  M c A l p i n e  d i g g e r  s h i e l d  o f  t h e  s a m e  c i r c u m f e r e n c e  i s  
3 * 0 5  m  ( 1 0  f t )  l o n g .
T w o  d i f f e r e n t  e x c a v a t o r s  a r e  i n  u s e  i n  t h e  t w i n  t u n n e l s  a t  l i e a t i i r o w #  T h e  
t u n n e l  f o r  t h e  e a s t b o u n d  r o a d  i s  d r i v e n  w i t h -  a n  A n d e r s o n - M a v o r  ' r o a d  h e a d e r '  •  
T h i s  m a c h i n e  w a s  d e s i g n e d  f o r  e x c a v a t i n g  r o c k *  I t s  b a s i c  c o m p o n e n t  i s  a  
b o o m ,  t r u n n i o n - m o u n t e d  o n  t h e  a x i a l  l i n e  o f  t h e  t u n n e l ,  a n d  c a p a b l e  o f  
b e i n g  m o v e d  t h r o u g h  a  s o l i d  a n g l e  l a r g e  e n o u g h  t o  a l l o w  t h e  f o r w a r d  e n d  t o  
r e a c h  a n y  p a r t  o f  t h e  f a c e .  T h e  b o o m  i s  r e s t r i c t e d  f r o m  m o v i n g  b e y o n d  
t h i s  a n g l e  b y  t h e  c i r c u l a r  h o l e  i n  t h e  d i a p h r a g m  o f  t h e  s h i e l d  w h i c h  h a s
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b e e n  m o d i f i e d - ; w i t h  t h i s  r e q u i r e m e n t  i n  m i n d .  T h o  b o o m  i s  m o v e d  b y  
h y d r a u l i c  r a m s .  O n  t h e  f o r w a r d  e n d  o f  t h e  b o o m  i s  a  c u t t i n g  h e a d  a b o u t
1  i n  ( 3  f t  / V  i n 3 )  d i a m e t e r  w h i c h  i s  r o t a t e d  a t  3 0  t o  5 0  r p m  i n  o n e  d i r e c t i o n  
b y  a  s h a f t  r u n n i n g  a l o n g  t h e  b o o m .  T h e  b o o m  a n d  s h a f t  a r e  t e l e s c o p i c  s o  
t h a t ,  a l t h o u g h  t h e  f a c e  c u t  b y  t h e  r o t a t i n g  h e a d  i s  n o r m a l l y  a  s e g m e n t  o f  
s p h e r e ,  a  p l a n e  s u r f a c e  c o u l d  b e  c u t .  T h e  s h a f t  i s  p o w e r e d  b y  a  A A •  7  k V /
( 6 0  h p )  e l e c t r i c  m o t o r  a t  t h e  o t h e r  e n d  o f  t h e  b o o m  b e h i n d  t h e  t r u n n i o n ’ 
m o u n t i n g  s o  t h a t  i t  c o u n t e r b a l a n c e s  t h e  h e a d . :  A n  e l e c t r i c  m o t o r  i s
p r e f e r a b l e  t o  a n  h y d r a u l i c  o n e  b e c a u s e  t h e  s m a l l  h e a v i l y  b u i l t  h e a d  i s  
r o b u s t  e n o u g h  t o  w i t h s t a n d  s h o c k  l o a d s  a n d  s h o c k  l o a d s  a r e  n e e d e d  t o  b r e a k  
c l a y  s t o n e s .  . T h e  e l e c t r i c  m o t o r  i t s e l f  h a s  s o m e  i n e r t i a  a n d  w h e n  m o m e n ­
t a r i l y  o v e r l o a d e d  m e e t s  t h e  h i g h  p o w e r  d e m a n d  w i t h  a  h i g h  c u r r e n t  w h i c h  i s  
a c c e p t a b l e  f o r  a  s h o r t  t i m e .  T h e  h y d r a u l i c  m o t o r  o n  t h e  o t h e r  h a n d  h a s  
l o w  i n e r t i a  a n d  s t a l l s  w h e n  O v e r l o a d e d *  T h e  f r a m e  o n  w h i c h  t h e  r o a d  h e a d e r  
i s  m o u n t e d  h a s  g r i p p i n g  p a d s  w h i c h . c a n  b e  j a c k e d  o u t  a g a i n s t  t h e  c o m p l e t e d - ,  
t u n n e l  l i n i n g  t o  s t e a d y  i t .  T h e  m u c k ' . w h i c h  i s  c u t  o f f  t h e  f a c e  f a l l s  o n t o  
a  f o r w a r d  s l o p i n g  p a n  i n  t h e  b o t t o m  o f  t h e  s h i e l d •  T w o  s e t s  o f  p a d d l e s ,  
a r r a n g e d  l i k e  t h e  s p o k e s  o f  a  w h e e l  w i t h  n o  r i m ,  m e s h  a n d  c o u n t e r - r o t a t e  
i n  a - p l a n e  j u s t  a b o v e  t h e  p a n .  T h e s e  c o n v e y  t h e  - m u c k  u p  ■ ■ t h e  s l o p e  o f  t h e  
p a n  a n d  o v e r  i t s  r e a r  e d g e .  I t  t h e n  d r o p s  i n t o  a  c o n v e n t i o n a l  b o l t  
c o n v e y o r  w h i c h  t r a n s p o r t s  i t  t o  s h u t t l e  c a r s .
T h e  s m a l l  c u t t i n g  h e a d  r e q u i r e s  o n l y  a  s m a l l  t o r q u o  r e a c t i o n  s o ,  w i t h o u t  
t h e  n e c e s s i t y  t o  p r o v i d e  f o r  t h e  r e v e r s e  r o t a t i o n  r e q u i r e d  o f  t h e  f u l l  f a c e  
c u t t e r s ,  t h e  p i c k s  m a y  b e  c o r r e c t l y  a n g l e d •  H e n c e  t h o  p o w e r  r e q u i r e d - f o r  
t h i s  m a c h i n e  i s  o n l y  o n e  q u a r t e r  o f  t h a t  f o r  t h e  . M c A l p i n e  m a c h i n e .  A l s o  
t h e  p i c k s  o n l y  w e a r  o n  t h e  t i p s  w h i c h ' - a r e  d e s i g n e d  f o r  c u t t i n g ,  h a v i n g  a  
c o a t i n g  o f  t u n g s t e n  c a r b i d e .  T h e  r e p l a c e m e n t  r a t e  i s  o n l y  t h r o e  o r  f o u r
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■ p i c k s  p e r  3 0 0  m  ( 1 0 0 0  f t )  d r i v e .
T h e  m a c h i n o  i n  t h e  ’ w e s t b o u n d ’  t u n n e l  i s  t h e  i l ’ h s l a d e r d a c h s  m a d e  b y  
W e s t f a l i a  T i l n e n .  T h i s  i s  a  s c r a p e r - c o n v c y o r  m o u n t e d  o n  a  t r a c k  l a y i n g  
, v e h i c l e  i n  s u c h  a  w a y  t h a t  i t s ' e n d  c a n  m o v e  o v e r  t h e  f a c e  i n  a  m a n n e r  
s i m i l a r  t o  t h a t  d e s c r i b e d  a b o v e *  T h e  m a c h i n e  i s  n o t  s o  w e l l  m a r r i e d  t o  
t h e  s h i e l d  a n d  o n e  i m a g i n e s  m o r e  s k i l l  i s  r e q u i r e d  o f  t h e  o p e r a t o r .
Average progress with these machines and sh ie lds has been 120 rin g s  of 0.6 m 
(2 f t )  size per week* Occasionally a ra te  of 160 rings per week has been 
attained*
A  r e c e n t  ( 1 9 6 9 )  s o l u t i o n  t o t h e  p r o b l e m  o f  u s i n g  a  m e c h a n i s e d  s h i e l d  n e a r  
t h e  c l a y - g r a v e l  i n t e r f a c e ,  i d i i c h  i s  s u i t a b l e  f o r  s m a l l  t u n n e l s ,  i s  t h a t  o f  
S t r e e t e r s  o f  G o d a l m i n g  L t d  ( M a z z o t t i ,  1 9 7 3 ) *  T h e i r  s o - c a 3 . 1 e d  c l a w - a r m e d  
d i g g e r  s h i e l d  h a s  t h e  c u t t i n g  e d g e  d i v i d e d  i n t o  t w o  s e m i - c i r c u l a r  p i e c e s  
a n d  a t t a c h e d  t o  t h e  r e s t  o f  t h e  s h i e l d  b y  p i v o t s  a t  t h e  e n d s  o f  t h e  s e m i ­
c i r c l e s *  T h ^  m a y  . r o t a t e  a b o u t  v e r t i c a l  a x e s  u n t i l  t h e y  m e e t  o n  t h e  
c e n t r e  l i n e  o f  t h e  s h i e l d ,  s w e e p i n g  o u t  a  d o m e - s h a p e d  s u r f a c e  a s  t h e y  d o  s o .  
T h e y  a r e  m u c h  m o r e  r o b u s t  t h a n  t h e  n o r m a l  c u t t i n g  e d g e  a n d  e a c h  o n e  h a s  a  
2 3 0  k N  (23  t o n s )  h y d r a u l i c  j a c k  a t t a c h e d  a t  a x i s  l e v e l  w h i c h - . r e a c t s  a g a i n s t  
t h e  i n s i d e  o f  t h e .  s k i n  p l a t e ,  a l s o  a t  a i d s  l e v e l *  I n  b a d  g r o u n d  t h e  t w o  
h a l v e s  a r e  i n  t h e  n o r m a l  c u t t i n g  e d g e  p o s i t i o n  o r  ’ o p e n 1 a n d  t h e r e  i s  
p l e n t y  o f  s p a c e  b e t w e e n  t h e m  t o  w o r k  t h e  f a c e  w i t h  p o l i n g  b o a r d s .  ' . J h c n .  
g o o d  g r o u n d  i s  m e t  t h e  t w o  h a l v e s  a r e  1 c l o s e d ’  w i t h  a  c l a w i n g  o r  g r a b b i n g  
m o t i o n  s o  t h a t  t h e y  b i t e  o u t  a  h e m i s p h e r i c a l  f a c e .  T h e  b r o k e n  m a t e r i a l  i s .  
t h e n  d i s p o s e d  o f  b y  h a n d  s h o v e l l i n g  o r  m e c h a n i c a l  c o n v e y o r  a c c o r d i n g  t o  t h e  
s i n e  o f  t h e  t u n n e l .  T h e  c u t t i n g  e d g e  h a l v e s  a r e ' t h e n '  r e t r a c t e d ,  t h e  s h i e l d  '
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s h o v e d  a  l i t t l e  a n d  t h e  c y c l e  r e p e a t e d .  I n  p r a c t i c e  m u c k i n g  c a n  b e  c t i r r i e a  
o n  c o n t i n u o u s l y  w h i l e  t h e  e x c a v a t i o n  c y c l e  i s  p r o c e e d i n g .
S i n c e  1 9 6 9  s i x  m a c h i n e s  h a v e  b e e n  b u i l t  f o r  u s e  w i t h  1 . 5  ( 2  f t )  l . D .  
l i n i n g # o n e  f o r  1 * 6 7  m  ( 5  f t  6  i n s )  a n d  o n e  f o r  2 . 2  m  ( 7  f t  3  i n s ) .  I n  t h e  
L o n d o n  a n d  H a m p s h i r e  B a s i n s  t h e y  h a v e  b e e n  u s e d  f o r  f l o o d  r e l i e f  s c h e m e s  i n  
t h e  R o d i n g  V a l l e y ,  a l s o  a t  C h e r t s e y ,  F a r n b o r o u g h  a n d  H a v a n t .  O v e r a l l  
a v e r a g e  p r o g r e s s  o n  t h e  R o d i n g  V a l l e y  s c h e m e  h a s  b e e n  1 2 4  m  ( ' 4 . 0 7  f t )  p e r  
w e e k *  . . \
A l s o  w i t h  t h i s  m a c h i n e  v e r y  l i t t l e  p o w e r  i s  e x p e n d e d  i n  c u t t i n g  t h e  f a c e .  
I n d e e d ,  a  s a v i n g  o f  9 0  p e r  c e n t  i s  c l a i m e d .  P r e s u m a b l y  t h i s  i s  b e c a u s e  
t h e  m u c k  c a n  b e  b r o k e n  o f f  i n  v e r y  l a r g e  p i e c e s .
2 . 5 * 3  M o d e r n  m a c h i n e s  a n d  l i n i n g  f o r  d e e p  t u n n e l s
I m p r o v e m e n t s  i n  h y d r a u l i c s  e n a b l e d  m o t o r s  t o  b e  r u n  a t  i n c r e a s i n g l y  h i g h  
p r e s s u r e s  a n d  b y  1 9 6 9  t h e  N u t t a l l  P r i e s t l e y  m a c h i n e ,  . w h i c h  s u p e r f i c i a l l y  
r e s e m b l e s  t h e  Kinnear M o o d i e  1 D r u m  Digger*, c o u l d  b e  p o w e r e d  b y  f o u r  
C h a m b e r l a i n  B 2 0 0  m o t o r s  e a c h  c a p a b l e  o f  p r o v i d i n g  a  t o r q u e  o f  1 0  k i l m  
( 7 3 5 0  l b / f t )  w h e n  w o r k i n g  a t  a  p r e s s u r e  o f  2 0 . 7  ( 3 O O O  l b / i n ' ~ )  .  T h e  .
2 . 8 2 m  ( 1 1 1  i n s )  O . D .  m a c h i n e ,  u s e d  i n  1 9 6 9 - 7 0  f o r  t h e  1 9 * 7 5  I o n  ( 1 2  m i l e s  
2  f u r l o n g s  4 - 0  y a r d s )  l o n g  t u n n e l l e d  s e c t i o n  o f  t h e  E l y  O u s e  t o  E s s e x  
a q u e d u c t  i n  G a u l t  c l a y  w i t h  a  W e d g e - b l o c k  l i n i n g ,  b r o k e  t h o  w o r l d  r e c o r d  
f o r  s o f t  g r o u n d  t u n n e l l i n g  b y  d r i v i n g  4 - 3 4 * 6  m  ( 4 7 5  y d s  1 0  i n s )  i n  o n e  w e e k .
T h e  a v e r a g e  s p e e d  w a s  a b o u t  1 8 3  m  ( 2 0 0  y d s )  p e r  w e e k  u s i n g  0 . 6 1  m  ( 2 4  i n s )  
l o n g  r i n g s *  T h e s e  h i g h  s p e e d s  r e f l e c t :  ( i )  t h e  n o t e w o r t h y  r e l i a b i l i t y
*  T h e  f i r m s  i n v o l v e d  w e r e  E d m u n d  K u t t a l l  a n d  S o n s  ( L o n d o n )  L t d  c i v i l  e n g i ­
n e e r i n g  c o n t r a c t o r s ;  R o b e r t  L  P r i e s t l e y  L t d  o f  G r a v e s e n d ,  K e n t ,  t u n n e l  
s h i e l d  a n d  t u n n e l l i n g  m a c h i n e  m a n u f a c t u r e r s ;  C h a m b e r l a i n  I n d u s t r i e s  L t d  
o f  L e y t o n ,  L o n d o n ,  m a n u f a c t u r e r  o f  h y d r a u l i c  p u m p s  a n d  S t a f f s  m o t o r s .
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o f  t h e  m a c h i n e ;  ( i i )  t h e  e r g o n o m i c  d e s i g n  o f  s y s t e m s  f o r  p a s s i n g  t h e  
s e g m e n t s  t o  t h e  f a c e  a n d  b r i n g i n g  t h e  m u c k  a w a y  f r o m  i t  ( a l l  c a r r i e d  o n  
a  s l e d g e  t o w e d  b y  t h e  m a c h i n e ) ;  a n d  ( i i i )  t h e  r a p d i t y  w i t h  w h i c h  t h e  
W e d g e - b l o c k  l i n i n g  c o u l d  b e  e r e c t e d .  W i t h  p r a c t i c e  t h e  m i n e r s  c o u l d  e r e c t  
a  r i n g  i n  t w o  a n d  a  h a l f  m i n u t e s ,  i n c l u d i n g  t h e  t i m e  t o  l u b r i c a t e  t h o  c l a y  
w i t h  s o f t  s o a p  o r  b e n t o n i t e  s l u r r y .  S h o v i n g  t h e  s h i e l d ,  a n d  m u c k i n g  f o r  
t h e  n e x t  r i n g  t o o k  s i x  t o  s e v e n  m i n u t e s .  R e m o v a l  a n d  r e p l a c i n g  o f  t h e  
s p o i l  c o n v e y o r  f r o m  t h e  f a c e  t o o k  o n l y  s e c o n d s .  N e v e r t h e l e s s ,  m i n o r  
c o n t i n g e n c i e s  u s u a l l y  i n c r e a s e d  t h e  t i m e  f o r  t h e  w h o l e  c y c l e  t o  1 1 5  m i n u t e s .  
N e v e r t h e l e s s ,  t h e  a v e r a g e  p r o g r e s s  w a s  a r o u n d  3 0  r i n g s  p e r  1 2  h o u r  s h i f t  
a t  t h e  t i m e  t h e  a u t h o r  s a w  t h e  w o r k .  T h e  d i s c r e p a n c y  i s  d u e  t o  a  d e l a y  
w h i c h  e v e n  t h e  c a r e f u l  p l a n n i n g  o f  B i n n i e  a n d  P a r t n e r s  a n d  E d m u n d  k u t t a l l  
h a d  f a i l e d  t o  f o r e s e e .  N e a r i n g  t h e  e n d  o f  a  l o n g  d r i v e  t h e  c l a y  h a d  
b e c o m e  m o r e  c l o s e l y  f i s s u r e d  a n d  p e r h a p s  t h e  c u t t i n g  t o o l s  h a d  b e c o m e  
s o m e w h a t  w o r n .  T h i s  r e s u l t e d  i n  t h e  s i z e  o f  t h e  l u m p s  d e c r e a s i n g  t o  a b o u t  
t l i a t  o f  a  f i s t  a n d  t h e  c o n s e q u e n t  b i l k i n g  o f  t h e  b r o k e n  c l a y  r e q u i r e d  t h e  
a d d i t i o n  o f  a n o t h e r  s k i p  t o  t h e  m u c k  t r a i n .  B e c a u s e  v e r y  l a r g e  s k i p s  h a d  
b e e n  c h o s e n  t h e  w e i g h t  o f  t h e  t r a i n  b e c a m e  t o o  m u c h  f o r  t h e  e l e c t r i c  
l o c o m o t i v e  t o  h a u l  o n  t h e  g r a d i e n t  o n  t h i s  s e c t i o n .  T h u s ' ' e x t r a  j o u r n e y s  
w e r e  r e q u i r e d  a n d  t h e  m a c h i n e  c o u l d  n o t  b e  k e p t  w o r k i n g  f u l l y .
T h e  V J e d g e  B l o c k  l i n i n g  u s e d  f o r  t h e  n o r t h e r n - m o s t  1 4 - 0 8 1  m  ( 8  m i l e s  6  f u r ­
l o n g s )  o f  t h e  E l y  O u s e  t o  E s s e x  a q u e d u c t  t u n n e l ,  w h e r e  t h e  o v e r b u r d e n  
v a r i e s  f r o m  2 8  t o  4 5  m  ( 9 2  t o  1 4 7  f t ) ,  i s  1 4  c m  ( 5 - j  i n s  t h i c k ) .  F o r  . t h e  
s o u t h e r n - m o s t  5 6 6 9  m  (3  m i l e s  4 s *  f u r l o n g s )  w h e r e  t h e  o v e r b u r d e n  v a r i e s  
b e t w e e n  4 5  a n d  8 0  m  ( 1 4 7  t o  2 6 3  f t )  t h e  t h i c k n e s s  w a s  i n c r e a s e d  t o  1 8  c m  
( 7  i n s ) *  T h e  W e d g e ' b l o c k  i t s e l f  w a s  t h r u s t e d  w i t h ' a  f o r c e  o f  3 3 0  k i l  
( 3 3  t o n s )  f o r  t h e  n o r m a l  l i n i n g  a n d  4 2 0  k N  ( 4 2  t o n s )  f o r  t h e  ' t h i c k  o n e .
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F o r  t h e  M e t r o p o l i t a n  W a t e r  B o a r d ’ s  S o u t h e r n  T u n n e l  M a i n ,  a  t r e a t e d  w a t e r  
m a i n  s o m e  2 0  k m  ( 1 2  m i l e s )  l o n g  c o n n e c t i n g  t h e  t r e a t m e n t  w o r k s  a t  
H a m p t o n - o n - T h a m e s  a n d  U a l t o n - o n - T h a m e s  t o  M e r t o n ,  t h o  ' W e d g e  B l o c k  l i n i n g  
w a s  1 4  c m  (5i  i n s )  t h i c k .  T h i s  l i n i n g  h a s  b e e n  i m p r o v e d  i n  d e t a i l  s i n c e  
i t  w a s  f i r s t  c o n c e i v e d  a n d  i s  n o w  u s e d  f o r  n e a r l y  a l l  t u n n e l s  f o r  t h e  M W 1 3  
w h i c h  h a s  t h e  s e g m e n t s  m a d e  ( m o s t l y  a  s t a n d a r d  s i z e  o f  2 . 5 4  m  ( 1 0 0  i n s )  I D )  
b y  C h a r c o n  t u n n e l s ,  f o r m e r l y  K i n n e a r  M o o d i e  ( C o n c r e t e )  L t d ,  u n d e r  a  
l i c e n c e  a g r e e m e n t  ( b a s e d  o n  T a t t e r s a i l ,  1 9 5 5 ) *  T o  e n s u r e  a c c u r a t e  r e £ > r o -  
d u c t i o n ,  c a s t  i r o n  m a s t e r  s e g m e n t s  h a v e  b e e n  m a d e .  A l s o  u n d e r  a  l i c e n c e  
a g r e e m e n t :  M W B  w i l l  p r o v i d e  ’ k n o w  h o w ’  t o  c o n t r a c t o r s  o r  c o n s u l t a n t s  w i s h i n g  
t o  u s e  t h e  s y s t e m  a n d  w i l l  p r e p a r e  a  s e t  o f  c o n t r a c t  d o c u m e n t s .  B y  t h e s e  
m e a n s  t h e  e x p e r t i s e  t h a t  M W B  h a s  a c q u i r e d  s i n c e  1 9 5 2  d o e s  n o t  b e c o m e  
d i l u t e d  b y  u n i n f o r m e d  i m i t a t i o n .
T h e  2 . 5 4  n i  ( 1 0 0  i n s )  I D  l i n i n g  i s  n o m i n a l l y  1 4 0  m m  ( 5 - V  i n s )  t h i c k  a n d  a  r i n g  
i s  6 8 . 6  c m  ( 2 7  i n s )  l o n g  a n d  c o n s i s t s  o f  t w e l v e  s e g m e n t s .  N i n e  o f  t h e s e  
a r e  i d e n t i c a l  a n d  t w o  a r e  s h a p e d  t o  f i t  t h e  t a p e r e d  k e y  w h i c h  h a s  c r o s s  
j o i n t  f a c e s  l i k e  a  D o n s e g  w i t h  s l i g h t l y  h e l i c a l  s u r f a c e s .  T h e  k e y  i s  
5  c m  ( 2  i n s )  s h o r t e r  t h a n  t h e  r i n g  i n  o r d e r  t o  p r o v i d e  t o l e r a n c e  o n  
f i n i s h e d  c i r c u m f e r e n c e .  . T h e  g a p  i s  f i l l e d  b y  n i p p i n g  a  b a g  o f  d r y  m o r t a r  
b e t w e e n  t h e  n e w l y  d r i v e n  k e y  a n d  t h e  p r e v i o u s  o n e .  T h e  s h i e l d  a n d  r i n g  
a r e  m a t c h e d  e i t h e r  b y  t r y i n g  v a r i o u s  s i z e s  o f  k e y  ( a s  r e c o m m e n d e d  b y  
T a t t o r s a l l )  o r  b y  v a r y i n g  t h e  b e a d  o n  t h o  s h i e l d  o f  t h e  m a c h i n e .  T h e  
o r i g i n a l  K i n n e r  H o o d i e  d r u m  d i g g e r ,  r e b u i l t  f o r  d r i v i n g  t h o  H a m p t o n  e n d  o f  
t h e  S o u t h e r n  T u n n e l  M a i n ,  w a s  f i t t e d ,  a f t e r  s e v e r a l  t r i a l s ,  w i t h  a  3  m i a  .
0 / 8  i n . )  b e a d  e x t e n d i n g  r o u n d  t h e  t o p  1 8 0 ° .  T h e  e n d  s e c t i o n s  o f  b e a d  
w e r e  f a i r e d  i n t o  t h e  s h i e l d  c u t t i n g  e d g e .
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T h e  c r o s s  j o i n t s  o f  t h e  o r d i n a r y  s e g m e n t s  a r e  r a d i a l  a n d  n e a r l y  p l a n e  
h a v i n g  o n l y  0 * 5  m m  ( 0 * 0 2 0  i n . )  r o c k e r *  I f  t h e  s u r f a c e  i s  t r u l y  c y l i n d r i c a l ,  
t h i s  c o r r e s p o n d s  t o  a  r a d i u s  o f  9 * 6  m  ( 3 7 8  i n s ) .  T h e y  a r e  c o a t e d  w i t h - a  
c o m p l i a n t  c o m p o u n d  w h i c h  i n c r e a s e s  t h e  a r e a  o f  c o n t a c t  a n d  s o  l o w e r s  t h e  
s t r e s s .  T h e  s l i d i n g  s u r f a c e s  o f  t h e - k e y , ' - a n d  t o p  s e g m e n t s  a r e  c o a t e d  w i t h  - 
a  c o m p o u n d  c o n t a i n i n g  g r a p h i t e  t o  l u b r i c a t e  t h e m .  T h e  c l a y  s u r f a c e  i s  
l u b r i c a t e d  w i t h  s o f t  s o a p  w h e n  t h e  r i n g  i s  e x p a n d e d .  F o r  t h e  S o u t h e r n  
T u n n e l  M a i n  a  h o o p  t h r u s t ,  o f - 1 4 0 - k N  ( 1 4 -  t o n s )  w a s  o b t a i n e d  b y  p u s h i n g  t h e  
k e y  w i t h  a  f o r c e  o f  4 0 0  k W  ( 4 0  t o n s ) *  N o  s p e l l i n g  w a s  s e e n  a t  t h e  a x i s  
l e v e l  c r o s s  j o i n t  o r  a n y  o t h e r  j o i n t s *  I n  g e n e r a l  a  s q u a t  o f  a b o u t  3  i m n  
(V 8 i n . )  h a d  d e v e l o p e d  i n  a b o u t  s i x  m o n t h s .
M u c h  h i g h e r  l o a d s  w e r e  j a c k e d  i n t o  t h e  r i n g s  n e a r  s h a f t s  b y  a  m e t h o d  o f  
r e p e a t e d  j a c k i n g .  I f  t h e  l o a d  w a s  v e r y  h i g h ,  s a y  e q u i v a l e n t  t o  t h a t  o f  
t h e  f u l l  o v e r b u r d e n  a c t i n g  h y d r o s t a t i c a l l y ,  Y h ,  i t  d i s s i p a t e d  w i t h  t i m e  t o  
a b o u t  6 0  p e r  c e n t  o f  i t s  h i g h e s t  v a l u e .  M V / B  e n g i n e e r s  w e r e  u n a b l e  t o  
d e t e c t  a n y  s q u a t  a t  a l l ,  i n  t h e  r i n g s  p u t  i n  w i t h  a  h i g h  i n i t i a l  l o a d .
T h e  S o u t h e r n  T u n n e l  M a i n  t r a v e r s e s  t h o  M a l d e n  t o  D e p t f o r d  f a u l t .  A  c h a n g e  
i n  l i t h o l o g y  w a s  n o t e d  ( t h e  f a u l t  h a s  a  t h r o w  o f  a b o u t  4 6  m  ( 1 5 0  f t ) )  b u t  
t h e  a c t u a l  f a u l t  s u r f a c e  h a d  n o t  c a u s e d  a n y  s h a t t e r i n g  o r  s o f t e n i n g  o f  t h e  
c l a y  t o  a f f e c t  t h e  t u n n e l l i n g .
T h e  K i n n e a r  M o o d i e  m a c h i n e  w o r k i n g  f r o m  H a m p t o n  w a s  r e g u l a r l y  p r o g r e s s i n g  
2 5 7 m  ( 8 4 5  f t )  p e r  w e e k  ( 7 5  o f  t h e  l o n g e r ,  2 7  i n s ,  r i n g s  p e r  d a y ) ;  t h e  
m a x i m u m  p r o g r e s s  w a s  2 7 6  m  ( 9 0 0  f t )  i n  o n e  w e e k .  T h e  m o r e  m o d e r n  1 / u t t a l l  
P r i e s t l e y  m a c h i n e  a t  t h e  o t h e r  e n d  o f  t h o  t u n n e l  w a s  p e r f o r m i n g  e v e n  b e t t e r .
T h e  H u t t a l l - P r i e s t l e y  m a c h i n e  w a s  a l s o  u s e d  i n  L o n d o n  C l a y  w i t h  t h e  V . ' e d g e -
121
' b l o c k  l i n i n g  f o r  t h o  ‘ T h r e e  V a l l e y s 1 a q u e d u c t .  T h e  l a t t e r  i s  a  r a w  w a t e r ,  
t u n n e l  s h a r e d  b y  t h e  C o l n e  V a l l e y ,  t h e  R i c k m a n s w o r t h  a n d  U x b r i d g e  V a l l e y  
a n d  t h e  L e e  V a l l e y  W a t e r  C o m p a n i e s  w h i c h  c a l c u l a t e  t h a t  t h e y  w i l l  n e e d  a n  
e x t r a  320  M l / d a y  ( 7 0  m i l l i o n  g a l l o n s  p e r  d a y )  o f  t r e a t e d  w a t e r  b y  1 9 9 9 .
T h e  69O O  m  ( 4  m i l e s  2  f u r l o n g s  64 y a r d s )  l o n g  t u n n e l  r u n s  f r o m  b u n n y m e a d s  
o n  t h e  T h a m e s  u p s t r e a m  o f  O l d  W i n d s o r  L o c k  t o  a  t r e a t m e n t  w o r k s  a t  I v o r  
w h e r e  t h e  P a d d i n g t o n  t o  B r i s t o l  r a i l w a y  c r o s s e s  t h e  r i v e r  C o l n e .  T h e  
t u n n e l l i n g  m a c  b i n e ,  m u c k  h a n d l i n g ,  s e g m e n t  t r a n s f e r  a n d  s l e d g e s  w e r e  a l l  
t h o s e  u s e d  o n  t h e  E l y  O u s e  t o  E s s e x  t u n n e l  ( C o l l i n s ,  1 9 7 2 ) .  T h e  c u t t i n g  
t o o l s ,  a l t h o u g h  s y m m e t r i c a l  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  o f  r o t a t i o n ,  
w e r e  ‘ T 1 s h a p e d  a n d  p r o v i d e d  w i t h  r a k e  a n d  c l e a r a n c e  s o  ' t h a t  t h e y  p e e l e d  
o f f  t h e  c l a y  r a t h e r  t h a n  j u s t  k n o c k i n g  i t .  T h e  a v e r a g e  c o v e r ,  w a s  2 0  m  
( 6 5  f t )  a n d  t h e  t u n n e l  c r o s s e s  o v e r  t w o  M W B  t u n n e l s  1 5  m  ( 5 0  f t )  l o w e r  
d o w n .  T h e  t e n d e n c y  f o r  o v e r b r e a k  t h a t  M W B  e x p e r i e n c e d  w i t h  a  W i n n e r  
M o o d i e  m a c h i n e  w h e n  d r i v i n g  t h e s e  p a r t i c u l a r  t u n n e l s - w a s ’ n o t  f o u n d  w i t h  
t h e  N u t t a l l - P r i e s t l e y  m a c h i n e ,  p r o b a b l y  b e c a u s e  t h e  t o o l s  r e a l l y  d i d  c u t  
t h r o u g h  c l a y  a n d  s o  t r a n s m i t t e d  l e s s  t o r q u e  t o - t h e  f a c e  a s  a  w h o l e .  A l s o  
t h e  c u t t i n g  h e a d  d o e s  n o t  p r o t r u d e  s o  f a r  f r o m  t h e  c u t t i n g  e d g e  o f  t h e  
s h i e l d .  A  9 * 5  m m  ( ^ / 8  i n . )  b e a d  w a s  u s e d .  T h e  c u t t i n g  t o o l s  w e r e  c a r r i e d  
o n  f o u r  a r m s  m a d e  u p  a s  a  c r o s s .  B e t w e e n  t h e  a r m s  o f  t h e  c r o s s  w e r e  
p a d d l e s  t o  d e f l e c t  t h e  e x c a v a t e d  c l a y  t o  t h e  c e n t r e  a n d  d i r e c t l y  o n t o  t h e  
m a i n  c o n v e y o r  w h i c h  c a n  b e  e x t e n d e d ' r i g h t  t h r o u g h  t h e  i n n e r  d r u m  ( - s e e -  
) •  T h i s  i n n e r  d r u m  d o e s  n o t  r o t a t e  a s  d i d  t h a t  o f  t h e  o r i g i n a l  
1 1 1  d r u m  d i g g e r .  A l l  t h e  b e a r i n g s  a n d  g e a r  r i n g s  a r e  b e h i n d  t h e  f i x e d  i n n e r  
d r u m  a n d  o n l y  t h e  h e a d  c a r r y i n g  t h e  c u t t i n g  a r m s  a n d  m u c k  d e f l e c t i n g  
p a d d l e s  r o t a t e s .  T h u 3 t h e r e  i s  n o  r i s k  o f  t h e  c o n v e y o r  c a t c h i n g  a  
r e v o l v i n g  p a r t  a n d  b e i n g  t w i s t e d .  W o  d i m e n s i o n s  a r e  g i v e n ,  P r i e s t l e y ' s  
c l a i m  t h a t  t h e  i n n e r  d r u m  i s  l a r g e r  t h a n  t h a t  o f  t h e  K i n n e a r  M o o d i e  m a c h i n e
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of the same size and access to the face i s  better*
F o r  a b o u t  5 0 0  m  ( 5 5 0  y d s )  b e f o r e  t h o  I v e r  s h a f t  t h e  m a c h i n e  r a n  i n t o  a  
p a r t i c u l a r l y  w e t  l a y e r  o f  c l a y s t o n e s .  T h e  w a t e r  s o f t e n e d  t h e  c l a y  a n d  
c a u s e d  i t  t o  s t i c k  o n t o  a n d  a l o n g  t h e  c u t t i n g  h e a d  a n d  t h e  c o n v e y o r *  W i t h  
a  s l o w e r  r a t e  o f  p r o g r e s s  a n d  a  g r e a t e r  t e n d e n c y  f o r  t h e  c l a y  t o  s w e l l ,
3 0  p e r  c e n t  m o r e  p r e s s u r e  w a s  r e q u i r e d  t o  d r i v e  t h e  k e y  b l o c k s  b u t  n o  
d a m a g e  w a s  c a u s e d  ( C o l l i n s ,  1 9 7 2 ) ,
T h e  t u n n e l  w a s  d r i v e n  i n  8  m o n t h s ;  d e s p i t e  m a n y  ( d r i e r )  l a y e r s  o f  c l a y ­
s t o n e s  a n  a v e r a g e  r a t e  o f  2 1 2  m  ( 7 0 0  f t )  p e r  w e e k  w a s  a c h i e v e d  i n  t h e  
m a c h i n e  d r i v e .  T h i s  r a t e  i s  c o m p a r a b l e  w i t h  t h e  a v e r a g e  r a t e  a c h i e v e d  i n  
t h e  J a u l t  w h e r e  t h e r e  w e r e  n o  c l a y s t o n e s .
2 . 6  T I f f i  I M M E D I A T E  F U T U R E  F O R  E X P A N S I B L E  C O N C R E T E  T U N N E L  L I N I N G S  
T h e  a u t h o r  h a s  n o t  w a l k e d  t h e  w h o l e  l e n g t h  o f  t h e  V i c t o r i a  L i n e  b u t  o f  t h o  
p a r t s  h e  h a s  s e e n ,  t h e  H a l c r o w  d e s i g n e d  1 5 2  m m  ( 6  i n s )  t h i c k  c o n c r e t e  
l i n i i i g  w a s  t h e  m o s t  d a m a g e d /  T h o  d a m a g e  w a s  m o s t l y  s p a l l e d  e d g e s  a n d  
c h i p p e d  c o r n e r s ;  o c c a s i o n a l l y  a  s e g m e n t  h a d  a  c r a c k  r i g h t  a c r o s s  i t  
p a r a l l e l  t o  t h e  t u n n e l  a x i s .  T h i s  l a s t  f a u l t  i s  t h e  m o s t  d i f f i c u l t  t o  s e e ,  
i t  i s  a l s o  t h e  l e a s t  d a n g e r o u s  a m o u n t i n g  t o  n o  m o r e  t h a n  a n  e x t r a  c r o s s  
j o i n t .  T h e  s p o i l i n g  w a s  p o t e n t i a l l y  m o r e  d a n g e r o u s  b e c a u s e  a  t r a i n  c o u l d  
h i t  a  f a l l i n g  p i e c e  o f  c o n c r e t e .  H o w e v e r ,  t h e  t i m e  t a k e n  t o  b u i l d  t h e  
r a i l w a y  o n c e  t h e  t u n n e l  w a s  d r i v e n  w a 3  o v e r  t w o  y e a r s  a n d  i n  t h i s  t i m e  t h o
B u t  s e e  r e s e r v a t i o n s  a b o u t  a t t r i b u t i n g  c a u s e s  t o  d a m a g e  s e e n ,  p a g e  1 2 7 .
W o r k  o n  t h e  m a i n  c o n t r a c t s  w a s  s t a r t e d  i n  M a r c h  1 9 6 3 ,  t h e  l a s t  r u n n i n g  
t u n n e l  d r i v e  ( n o r t h  o f  V i c t o r i a )  v ; a s  c o m p l e t e d  a t  K i n g s  C r o s s  i n  S e p t e m b e r  
1 9 6 6 .  T h e  l i n e  w a s  o p e n  f o r  p a s s e n g e r  t r a f f i c  b e t w e e n  W a l t h a m s t o w  a n d  
H i g h b u r y  o n  1  S e p t e m b e r  1 9 6 8  a n d  t h r o u g h  t o  V i c t o r i a  o n  7  M a r c h  1969 
( F o i l e n f a n t ,  1 9  69 ) *
e a r t h  m o v e m e n t s  w h i c h  c o u l d  p r e c i p i t a t e  f u r t h e r  s p o i l i n g  o f  t h e  d a m a g e d  
s e g m e n t s  h o v e  v i r t u a l l y  c e a s e d .
T o  w h a t  e x t e n t  s h o u l d  t h e  d a m a g e  i n  a  p a r t i c u l a r  t u n n e l  b e  u s e d  a s  c r i t e r i o n  
f o r  j u d g i n g  t h e  s u c c e s s  o f  t h a t  p a r t i c u l a r  l i n i n g ?  P a r t l y  t h i s  d e p e n d s  
o n  w h e n  t h e  d a m a g e  o c c u r r e d ,  e i t h e r :
1  .  I n  t r a n s p o r t  b e t w e e n  f a c t o r y  a n d  s i t e
2 .  I n  t r a n s p o r t  b e t w e e n  s h a f t  t o p  a n d  f a c e
3 .  D u r i n g  e r e c t i o n
/ + .  A f t e r  e r e c t i o n .
P r o b a b l y  t h e  d e s i g n e r  c o n s i d e r s  t h e s e  f a c t o r  i n  t h e . r e v e r s e  o r d e r .
T h e  c o n c r e t e  l i n i n g  w h i c h  a p p e a r e d  t o  b e  l e a s t  v u l n e r a b l e  t o  d a m a g e  during 
b u i l d i n g  w a s  t h e  H a l c r o w  l i n i n g  h a v i n g  s e g m e n t s  w h i c h  a r e  c o n v e x  a t  both  
e n d s .  T h e  d a m a g e  t h a t  i t  i n  f a c t  s u f f e r e d  w a s  p r o b a b l y  n o t  i n e v i t a b l e .
O n e  c a u s e  w a s  t h e  u s e  o f  t h e  h y d r a u l i c  p o w e r  t o  p l a c e  t h e  h e a v y  s e g m e n t s ;  
i f  t h e  s e g m e n t  d i d  n o t  f a l l  n e a t l y  i n t o  p l a c e  i n  t h e  r i n g  i t  w o u l d  b e  
f o r c e d  a n d  c o n s e q u e n t l y  d a m a g e d .  I n  t h o  a u t h o r ' s  o p i n i o n  t h e  s e l f - p o s i ­
t i o n i n g  k n u c k l e  j o i n t  o f  t h e  M o t t ,  H a y  a n d  A n d e r s o n  p r e v e n t s  t h i s  k i n d  o f  
d a m a g e  t o  t h a t  l i n i n g .  O n e  i s  p u z z l e d  t h a t ,  o n c e  t h e  t r o u b l e  i n  e r e c t i n g  
t h e  H a l c r o w  l i n i n g  w a s  d i s c o v e r e d ,  s t e p s  w e r e  n o t ' ' t a k e n  t o  r e c t i f y  i t .
F o r  i n s t a n c e ,  t h e  c o n t r o l s  o f  t h e  h y d r a u l i c  g e a r  c o u l d  h a v e  b e e n  p r o v i d e d  
w i t h  ' f e e l *  o r  t h e  s u p e r v i s i o n  o f  t h e  w o r k  c o u l d  h a v e  b e e n  i m p r o v e d .
I n  s e e k i n g  a n  a n s w e r  t o  t h e s e  q u e s t i o n s  o r  t h e  q u e s t i o n  o f  w h e t h e r  t h e  s o m e  
d e s i g n  o f  l i n i n g  s u f f e r e d  t h e  s o m e  d a m a g e  o n  d i f f e r e n t  d r i v e s ,  o n e  i s  l e d  
t o  c o n s i d e r  t h e  o r g a n i s a t i o n  o f  t h i s  i n d u s t r y .  T h e  p a r t i e s  i n v o l v e d  o n  
t h e  V i c t o r i a  L i n e  w e r e  t h e  c l i e n t ,  L o n d o n  T r a n s p o r t  B o a r d ,  t w o  c o n s u l t i n g
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f i r m s  o f  t h o  h i g h e s t  r e p u t e  a n d  . e x p e r i e n c e  i n  s o f t  g r o u n d  t u n n e l l i n g ,
S i r  W i l l i a m  . H a l c r o w  a n d  P a r t n e r s  a n d  M e s s r s  M o t t ,  H a y  a n d  A n d e r s o n ,  n i n e  
t u n n e l l i n g  c o n t r a c t o r s ,  f o u r  m a n u f a c t u r e r s  o f  l i n i n g ,  t w o  m a n u f a c t u r e r s  o f  
t u n n e l l i n g  m a c h i n e s  o f r u n n i n g - t u n n e l  s i z e  . - u i d  t h r e e  m a n u f a c t u r e r s  o f  
G r e a t h e a d  s h i e l d s  o f  v a r i o u s  s i z e s .  T o  t h i s  s h o u l d  b e  a d d e d  t h o  f a c e  
g a n g s  t h e m s e l v e s  f o r  a l t h o u g h  n o m i n a l l y  p a r t  o f  t h e  c o n t r a c t o r s '  o r g a n i s a ­
t i o n s  t h e y  o f t e n  ' - w o r k e d  a s  a u t o n o m o u s  u n i t s  a n d  c h a n g e d  e m p l o y e r s  a t  s h o r t  
n o t i c e .
A  f a c e - i s  u s u a l l y  w o r k e d ' . b y  t h r e e  g a n g s  w o r k i n g  o n e  s t i n t  i n  e a c h  2lv h o u r  
p e r i o d  f o r  a  f i v e  d a y  w e e k ,  t h e  w e e k e n d  b e i n g  u s e d  b y  t h e  c o n t r a c t o r s  f o r  
m a i n t e n a n c e  a n d  t h e  e n g i n e e r s  f o r  s u r v e y i n g *  T h o  g a n g  i s  p a i d  f o r  e a c h  
r i n g  o f  t u n n e l  c o m p l e t e d ,  s o  t h a t  . i t  h a s  a n  i n t e r e s t  i n  s p e e d  a n d  i n  n o t  
l e a v i n g  . a n y  . w o r k  p a r t l y  c o m p l e t e d .  T h u s ,  a t  b e s t ,  a  n o m i n a l l y  e i g h t  h o u r  
s h i f t  i s  r o u n d e d  d o w n  t o  t h e  t i m e  t o  c o m p l e t e  a  w h o l e  n u m b e r  o f  r i n g s .
■ W i t h . a -  f a s t  m a c h i n e  t h e  l e a d i n g  m i n e r  m a y  t a k e  t h e  g a n g  o u t  e a r l i e r  i f  h e  
f e e l s  t h a t  f a t i g u e . w i l l  c a u s e  t h e  n e x t  r i n g  t o  b e  b u i l t  s l o w l y  o r  d a n g e r ­
ously* I f  oiroumntaiieoo pro vent tho mon from working > payment i s  negotiated 
h e n c e  t h e  g a n g  h a s  l i t t l e  i n t e r e s t  i n  c a r i n g  f o r  t h e  m a c h i n e r y  w h i c h ' c a n  b o
t e s t e d  s e v e r i y - u n l e s s  t h e  c o n t r a c t o r s 1 p i t  b o s s e s . - o r ' f o r e m e n  a r e  b o t h  c o n -  
k  .
s c i e n t i o u s  a n d  v i g i l a n t .
S e g m e n t s  a r e  o c c a s i o n a l l y  d a m a g e d  d u r i n g  t h e i r ' t r a n s p o r t  t o  t h e  f a c e  t h r o u g h ,  
d e r a i l m e n t s  d u e  t o  a  b a d  r o a d .  O n e  d o e s  n o t  s e e  w h y  a  c o n t r a c t o r  s h o u l d  
t o l e r a t e  t h i s  e r o s i o n  o f  h i s  o w n  e f f i c i e n c y  w h e n  t h o - w h o l e  r o u t e  i s  d e s i g n e d  
a n d  c o n t r o l l e d  b y  h i m .
T h e  a r r a n g e m e n t s  f o r  o f f - l o a d i n g  a t  t h e  f a c e  o n  t h e  o t h e r  h a n d ,  o f t e n  h a v e
t o  b e  d e v i s e d  a t  t h e  s t a r t  o f  t h e  j o b  t o  s u i t  a  t u n n e l l i n g  m a c h i n e  
s u p p l i e d  b y  o n e  m a n u f a c t u r e r  a n d  a  l i n i n g  s u p p l i e d  b y  a n o t h e r  a n d  t o  b e  
u s e d  b y  m e n  w h o  h a v e  s e e n  n e i t h e r  b e f o r e .  T h e  g e a r  h a s  t o  b e  f i t t e d  i n  
. w i t h  a  v a r i e t y  o f  h y d r a u l i c  p u m p s ,  t r a n s f o r m e r s ,  c a b l e  t r o u g h s  a n d  m u c k  
d i s p o s a l  a r r a n g e m e n t s .  O n c e  t h e  j o b  h a s  s t a r t e d  t h e r e  i s  u s u a l l y  l i t t l e  
o p p o r t u n i t y  t o  m o d i f y  t h e  a r r a n g e m e n t s .
T h e  t r a d i t i o n a l  i r o n  s e g m e n t  c o m p r i s i n g  o n e  s i x t h  o f  a  c i r c l e  w a s  u s u a l l y  
w i n c h e d  o f f  t h e  b o g i e  t r a i n  o n  i t s  b a c k  a n d  b o c a u s e  o f  i t s  u p t u r n e d  e n d s  
u s u a l l y  t o b o g g a n n e d  a c r o s s  t h e  w o r k  s p a c e  s u s t a i n i n g  o n l y  g l a n c i n g  b l o w s  
o n  t h e  w a y  t o  i t s  p l a c e  i n  t h e  r i n g .  T h e  m o d e r n  c o n c r e t e  s e g m e n t  w e i g h i n g  
a b o u t  t h e  s a m e  b u t  o f  h a l f  t h e  l e n g t h  t e n d 3  t o  d i g  i t s  c o r n e r s  i n t o  s o f t ,  
t i m b e r  o r  h a v e  t h e m  k n o c k e d  o f f  b y  h a r d  m a c h i n e r y .  I t  i s  e a s i l y  m o v e d  
o n  r o l l e r  t r a c k s  b u t  c a n  g e t  o u t  o f  c o n t r o l  o n  s l o p e s  a n d  c o l l i d e  w i t h ,  
o t h e r  s e g m e n t s  c a u s i n g  d a m a g e .  I t  i s  b e s t  m o v e d  h a n g i n g ,  f r o m  a  m o n o - r a i l .
D a m a g e  i n  t r a n s p o r t  t o  t h o  s i t e  i s  n o t  r a r e ,  t h o u g h ,  b e c a u s e  i t  i s  c l e a r l y  
t h e  c a r r i e r ' s  r e s p o n s i b i l i t y ,  t h e  k n o w l e d g e  t h a t  t h e  s e g m e n t s  w i l l  b o  
i n s p e c t e d  s h o u l d  d e t e r  c a r e l e s s n e s s .  T h e  r i s k  t o  i r o n  s e g m e n t s  i s  g r e a t e r  
b e c a u s e  t h e y  a r e  m o r e  l i k e l y  t o  b e  b r o u g h t  l o n g  d i s t a n c e s .
T h e  c l i e n t  i s  r e p r e s e n t e d  a t  t h o  s i t e  b y  t h o  c o n s u l t a n t 1 s  r e s i d e n t  e n g i n e e r  
a n d  h i s  s t a f f  a n d  b y  t h e  c l i e n t ' s  o w n  i n s p e c t o r .  A t  t h e  f a c e  f o r  m o s t  o f
t h e  t i m e  o n l y  t h e  l a t t e r  i 3  p r e s e n t ,  b e c a u s e  t h o s e  o f  t h e  l i b ’ s  s t a f f  w h o
a r e  i n  t h e  t u n n e l  h a v e  g o n e  t h e r e  t o  p e r f o r m  s p e c i f i c  d u t i e s  a n d  t h e s e  a r e
o f t e n  h i n d e r e d  b y  t h e  o t h e r  w o r k ,  l e a v i n g  l i t t l e  o p p o r t u n i t y  f o r  o t h e r
i n t e r e s t s .  T h e r e f o r e ,  i f  t h e  R E  i s  t o  e x e r c i s e  a n y  s u p e r v i s o r y  f u n c t i o n  
■ a s  t h e  r i n g s  a r e  a c t u a l l y  b u i l t  h e  o r  h i s  s t a f f  m u s t  m a k e  s p e c i a l  v i s i t s .
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T h i s  i / i l l  s t r e n g t h e n  t h e  m o r a l  p o s i t i o n  o x  t h e  i n s p e c t o r  v / l i o  w i l l  b e  m o r e  
w i l l i n g  t o  a c t  e a r l y  a n d  o f t e n *  I f  b y  s o m e  l u c k y  a c c i d e n t  t h e  r e l a t i o n s  
■ ' b e t w e e n  t h e  R E  a n d  t h e  c o n t r a c t o r ’ s  a g e n t ,  b e  t w e e n  . t h e  i n s p e c t o r  a n d  t h e  
c o n t r a c t o r ’ s  m e n  a n d  s o  o n  a r e  a l l  h a r m o n i o u s ,  t h e n  t h e s e  v i s i t s  w i l l  n o t  
b e  t a k e n  a m i s s , *  t h e  j o b  w i l l  g o  w e l l  a n d  a  b y - p r o d u c t  w i l l  b e  b h a t  t h e  
l i n i n g  a n d  t h e  a s s o c i a t e d  m a c h i n e r y  w i l l  b e  u s e d  a s  t h e i r  d e s i g n e r s  i n t e n d e d *  
O n  t h e  o t h e r  h a n d  t h e  p e r s o n a l i t i e s  i n v o l v e d  m a y  c o n f i n e  t h e m s e l v e s  t o  t h e i r  
s t r i c t l y  c o n t r a c t u a l  r e l a t i o n s .  A n y  g r o s s  f a u l t s  w i l l "  b e  p u t  r i g h t  w i t h o u t '  
a n y o n e  b e i n g  r e g a r d e d  a s  h a v i n g  n e g l e c t e d  h i s  d u t y .  F a u l t s  o f  m a r g i n a l  
s i g n i f i c a n c e  o n c e  i n c o r p o r a t e d  i n  t h e  w o r k - w i l l  n o t  b e  p u t  r i g h t .  T h i s  i s  
o b v i o u s l y  u n s a t i s f a c t o r y  f r o m  t h e  p o i n t  o f  v i e w  o f  t h a t  p a r t i c u l a r  c l i e n t ;  
f r o m  t h e  v i e w  p o i n t  o f  t h e  a u t h o r  t r y i n g  t o  m a k e  a n  a s s e s s m e n t  o f  v a r i o u s  
l i n i n g s  i t  p r o v i d e s  a  t r a p .  I f  h e  o n l y  s e e s  t h e  f i n i s h e d  t u n n e l  h e  d o e s  
n o t  k n o w  w h e t h e r  a  g o o d  t u n n e l  c o u l d  h a v e  b e e n  b u i l t  w i t h  t h a t  l i n i n g  o r  
w h e t h e r  t h e  d e s i g n  i s  s u c h  t h a t  b l e m i s h e s  a r e  c e r t a i n  t o  a p p e a r .  H e  i s  
o n l y  o n  s u r e  g r o u n d  w i t h  t u n n e l s  h e  h a s  s e e n  b u i l t .
T h e s e  r e m a r k s  h a r d l y  a p p l y  t o  t h e  o l d e r ,  i r o n - l i n e d ,  r u n n i n g  t u n n e l s  b e c a u s e
i t  i s  m u c h  e a s i e r  t o  b o l t  s i x  s e g m e n t s  t o g e t h e r  t o  f o r m  a  t r u e  c i r c l e  t h a n  t o
b u i l d  o n e  f r o m  t w e l v e  o r  s o  c o n c r e t e  v o u s s o i r s .  I f  n o  s h i e l d  i s  u s e d  t h e
s h a p e  m a y  n o t  b e  s o  w e l l  h e l d  t h o u g h .  C r a c k e d  f l a n g e s  a r e  t h e  m o s t  c o m m o n  .
f a i l u r e  i n  i r o n  l i n i n g s .  T h e s e  m a y  n o t  s h o w  u p  u n t i l  r u s t  s t a i n s  a p p e a r .
I f  t h e y  a r e  m a n u f a c t u r i n g  f a u l t s  t h e y  u s u a l l y  c o n t a i n  b i t u m e n .
H o t  a l l  t u n n e l s  a r e  b u i l t  w i t h  t h e  d i v i s i o n  o f  r e s p o n s i b i l i t y  d e s c r i b e d  a b o v e ,  
b u t  w h e r e  p u b l i c  a c c o u n t a b i l i t y  i s  i n v o l v e d  s u c h  a  s y s t e m  i s  l i k e l y *
A s s u m i n g  t h a t  t h e  d e s i g n e r  c a n n o t  a l t e r  t h e  s y s t e m  w h a t  a r e  t h e  l e s s o n s  f o r  
h i m ?
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( i )  F i r s t l y  t h a t  t h e  w a y  a  p a r t i c u l a r  d e s i g n  o f  l i n i n g  w a s  t r e a t e d  o n
o n e  c o n t r a c t  i s  l i t t l e  g u i d e  t o  h o w  i t  w i l l  f a r e  o n  t h e  n e x t  
b e c a u s e  t h e r e  a r e  t o o  m a n y  v a r i a b l e s .
( i i )  H e  s h o u l d  s e e k  t o  b e  a d - l o w e d  t o  d e s i g n  f o r  p a r t i c u l a r  m a c h i n e s  a n d
h a n d l i n g  g e a r  e v e n  i f  h e  c a n n o t  c h o o s e  t h e  o r g a n i s a t i o n s  t h a t  u s e  
t h e m .
( i i i )  H e  s h o u l d  m a k e  a  d e s i g n  w h i c h  i s  e a s i e r  t o  u s e  i n  t h e  c o r r e c t  w a y
t h a n  t h e  w r o n g  w a y .
( i v )  L a s t l y ,  h e  m a y  c o n s i d e r  s a c r i f i c i n g  q u a l i t i e s  w h i c h  w i l l  o n l y  b e  o f  
' a v a i l  i f  t h e  l i n i n g  i s  p e r f e c t l y  b u i l t  i n  o r d e r  t o  p r o v i d e  s o m e  
p r o v i s i o n  a g a i n s t  m i s u s e ,  e g  i m p a c t  r e s i s t a n c e  m a y  b e  m o r e  i m p o r t a n t  
t h a n  a  g o o d  f i n i s h .  A  m a t e r i a l  t h a t  i s  w e a k  b u t  g i v e s  c l e a r  
e v i d e n c e  o f  f a i l u r e  i s  t o  b e  p r e f e r r e d  t o  a  s t r o n g e r  o n e  t h a t  h a l f  
f a i l s .  -
2 . 7  E 7 0 L U T I 0 H  C 0 U T I H U E 3
T h e  s u b j e c t  o f  t h i s  c h a p t e r  h a s  b e e n  c a l l e d  e v o l u t i o n  b e c a u s e  i t  d e s c r i b e s  
h o w  t h e  m e t h o d s  o f  t u n n e l l i n g  i n  L o n d o n  C l a y  h a v e  c h a n g e d  a n d  i t  w i l l  h a v e  
b e e n  n o t i c e d  t h a t  t h e  m o r e  o u t s t a n d i n g  c h a n g e s  h a v e  o c c u r r e d  i n  r e s p o n s e  t o  
i n f l u e n c e s  o u t s i d e  e n g i n e e r i n g  a n d  t e c h n o l o g y .  T h i s  i s  s a y i n g  m o r e  t h a n  
t h a t  ' n e c e s s i t y  i s  t h e  m o t h e r  o f  i n v e n t i o n ' •  I t  i s  r a t h e r  t h a t  u n l e s s  a n  
i n v e n t i o n  i s  m o t h e r e d  i t  w i l l  d i e  i n  i n f a n c y .
T h e r e  i s  a  r e m a r k a b l y  c l o s e  p a r a l l e l  b e t w e e n  t h i s  e n g i n e e r i n g  e v o l u t i o n  a n d  
b i o l o g i c a l  e v o l u t i o n  w h i c h ,  a l t h o u g h  i t  w a s  o f t e n  i n  t h e  w r i t e r ' s  t h o u g h t s ,  
h a s  n o t  b e e n  d i s c u s s e d  i n  t h i s  a l r e a d y  r a t h e r  l o n g  s t o r y .  I n  c o n c l u d i n g  
t h i s  c h a p t e r  i t  i s  h o w e v e r  n e c e s s a r y  t o  s t r e s s - t h a t  t h i s  s o r t  o f  e n g i n e e r i n g  
w i l l  c o n t i n u e  t o  b e  a  r e s p o n s e  t o  h u m a n  n e e d s  a n d  e c o n o m i c  p r e s s u r e s ;  b u t
w h e r e a s  t h e  s t o r y  s t a r t e d  d u r i n g  t h e  i n d u s t r i a l  r e v o l u t i o n  w h e n  n e w  
s o u r c e s  o f  r a w  m a t e r i a l s  a n d  e n e r g y  w e r e  b e i n g  u n e a r t h e d ,  w c  a r c  n o w  a t  t h e  
b e g i n n i n g  o f  a  b i o l o g i c a l  r e v o l u t i o n  a n d  a t  t i m e  w h e n  t h e  p o p u l a t i o n  i s  
a b o u t  t o ,  o r  i n  s o m e  p a r t s  o f  t h e  w o r l d ,  a l r e a d y  h a s ,  b e c o m e  o u t  o f  b a l a n c e  
w i t h  r e n e w a b l e  r e s o u r c e s  a n d  i s  r u n n i n g  o u t  o f  t h e  f i n i t e  o n e s .  T h i s  w i l l  
b r i n g  c h a n g e s  i n  w h a t  i s  d e m a n d e d  o f  t h e  c i v i l  e n g i n e e r  w h i c h  a r e  u n l i k e l y  
t o  b e  t h e  k i n d  a l r e a d y  e x p e r i e n c e d *  T h e  o n l y  c e r t a i n t y  i s  t h a t  e x t r a p o l a ­
t i o n  f r o m  t h e  p r e s e n t  s i t u a t i o n . w i l l  p r o v e  a n  u n r e l i a b l e  m e t h o d  o f  f o r e ­
c a s t i n g .  . T h e  s c i e n c e - f i c t i o n  t h a t  r e s u l t e d  f r o m ' . f o l l o w i n g  n u m e r o u s  p o s s i b l e  
t r e n d s  h a s  t h e r e f o r e  b e e n  o m i t t e d .
E v o l u t i o n  i s  c o n c e r n e d  w i t h  s u c c e s s  a n d  p r o g r e s s .  T h e s e  a r e  n o t  n e c e s s a r i l y  
d e p e n d e n t  o n  e a c h  o t h e r .  A n  e v o l u t i o n a r i l y  s u c c e s s f u l  f o r m  i s  o n e  t i n t  
o c c u r s  i n  l a r g e  n u m b e r s  a n d  c o n t i n u e s  t o  d o  s o  f o r  a  l o n g  t i m e .  I t  d o e s
n o t  h a v o  t o  b ' e  v e r y  a d v a n c e d  -  j u s t  s u f f i c i e n t l y  a d v a n c e d  t o  l n v e  o n  e d g e
o n  i t s  c o m p e t i t o r s .  S i n c e  t u n n e l s  d o  n o t  d i e  a  s u i t a b l e  m e a s u r e  o f  s u c c e s s
i s  t h e  m e r e  m i l e a g e  o f  a  p a r t i c u l a r  k i n d  o f  t u n n e l .  D o i t e d  i r o n  o f  w h i c h
t h e r e  a r e  o v e r  1 6 0  I a n  ( 1 0 0  m i l e s )  i n  L o n d o n  i s  o b v i o u s l y  a  s u c c e s s f u l  f o r m .  
T h a t  i t  i s  d e c l i n i n g  n o w ,  b u t  d i d  n o t  d o  s o  i m m e d i a t e l y  t h e  t e c h n o l o g y  w a s  
a v a i l a b l e  t o  r e p l a c e  i t ,  l e n d s  i t s e l f  t o  a n  e v o l u t i o n a r y  e x p l a n a t i o n .
P r o g e s s  i s  a  c o n c e p t  w h i c h  i s  m u c h  m o r e  d i f f i c u l t  t o  m e a s u r e .  T e c h n i c a l  
s o p h i s t i c a t i o n  i s  n o t  w h a t  i s  m e a n t ,  n o r  i n  e v o l u t i o n a r y  t e r m s  i s  i t  
n e c e s s a r i l y  a n  a s s e t ,  f o r  i t  o f t e n  i n p l i e s  a  l a c k  o f  v e r s a t i l i t y  a n d  t h e  
c o n s e q u e n t  i n a b i l i t y  t o  w i t h s t a n d  c h a n g e d  c o n d i t i o n s .  M a n y  c o m m e n t a r i e s  
o n  p r o g r e s s  i n  t u n n e l l i n g  u s e  s p e e d  ( r a t e  o f  a d v a n c e  o r  r a t e  o f  e x c a v a t i o n  
o f  v o l u m e ) .  T h i s  i s  e a s i l y  m e a s u r e d ,  h a s  o f t e n  b e e n  r e c o r d e d ,  a n d ,  o f  
c o u r s e ,  h a s  i n c r e a s e d  d r a m a t i c a l l y .  W i t h  t h i s  p a r a m e t e r  h o w e v e r  ( i f  i t  i s
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t o  h a v e  a n y  e n g i n e e r i n g  m e a n i n g )  i t  i s  n e c e s s a r y  t o  c o m p a r e  l i k e  w i t h  l i k e *  
T h i s  d o e s  n o t  g i v e  u s  a  b r o a d  v i e w  o f  t h e  e v o l u t i o n  o f  t h e  w h o l e  a r t  o f  
t u n n e l l i n g .  I t  w o u l d . - b e  f a r  m o r e  p e r t i n e n t  t o  b e  a b l e  t o  d e m o n s t r a t e  t h e  
w a y  s e t t l e m e n t  o v e r  t h e  s u r f a c e  o f  t u n n e l s  h a s  b e e n  d e c r e a s e d .  A  . s u i t a b l e  
n o n - d i m e n s i o n a l  m e a s u r e  w o u l d  b e  o n e  r e l a t e d  t o  t h e  d a m a g e  c a u s e d  t o  o v e r -  
l y i n g  b u i l d i n g ' s ,  s a y ,  t h e  m a x i m u m  s l o p e  o f  t h e  s u b s i d e n c e  t r o u g h .  
U n f o r t u n a t e l y  r e c o r d s  f r o m ' w h i c h  t h i s  c a n  b e  d o n e  a r e  s p a r s e .
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C H A P T E R  T I I R E E  :
STUDY OP THE STRUCTURAL BEHAVIOUR OP TWO KINDS OF LI14IHG USED 
IN A TUNNEL IN LONDON CLAY
3.1 INTRODUCTION
In 1967 the Building Research S tation  had discussed with Stanton and 
Staveley Ltd, who manufacture cast iron  tunnel lin in g s , the p o s s i b i l i t y  o f  
designing new lin in g s  and te s tin g  them in  fu l l - s iz e  tunnels s p e c i a l l y  
b u il t  fo r th is  purpose, Stanton and Staveley were already using s p h e r o i d a l  
graphite c as t iron  fo r pipes and could produce tunnel segments in  t h e  s a m e  
m ateria l. London Transport was then planning the extension of t h e  V ictoria 
Line southward to  Brixton and agreed to  a short length of 3 * 8  m ( 1 2 a  f t )  
diameter running tunnel being used for such a t r i a l .  Because o f  t h e  l i k e l y  
presence of buried channels in  the London Clay south of the  Thames, h o o d e d  
hand sh ie lds would be used fo r the 3*8 m (12^- f t )  tunnels here i n s t e a d  o f  
the tunnelling  machines used fo r the r e s t  of the  l in e .
T h e  t r a d i t i o n a l  s e g m e n t s  w h i c h  f o r m  o n e  s i x t h  o f  t h e  c i r c u m f e r e n c e  o f  a  
3 . S  m  ( 1 2 - J -  f t )  r i n g  o f  i r o n  l i n i n g  a r e  c a s t  i n  s a n d  m o u l d s  w h i c h  a r e  
p r e p a r e d  b y  h a n d .  S m a l l e r  s e g m e n t s  c o u l d  b e  m o u l d e d  a u t o m a t i c a l l y  w i t h  
n e w  p l a n t  w h i c h  S t a n t o n  a n d  S t a v e l e y  w a s  s o o n  t o  c o m m i s s i o n .  T h e  S t a t i o n  
t h o u g h t  t h a t  f o r  b u i l d i n g  b y  h a n d  i n s i d e  a  t u n n e l  s h i e l d ,  a  r i n g  c o n s i s t i n g  
o f  a  g r e a t e r  n u m b e r  o f  s m a l l e r  s e g m e n t s  w o u l d  b e  a c c e p t a b l e  a n d  r e c o m m e n d e d  
t h a t  d e s i g n s  f o r  a  t w e l v e - s e g m e n t  r i n g  b e  p r e p a r e d .
Three designs su itab le  fo r casting in  spheroidal graphite iro n , were s u b ­
mitted to  London Transport who offered to  allow a length of th i r ty  r i n g s  o f
S e e  p a g e  1 4 1 ,  b o t t o m ,
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the most conservative design to  be b u ilt  in to  a temporary tunnel* The 
Building Research S tation  agreed to  instrument one ring  of the  new lin in g  
and one ring  of the lin in g  which was to  be used fo r the r e s t  of the tunnel* 
The instrum entation and the  s i te  are described in  Section 3*4-*
3 . 2  O B J E C T I V E S
Stanton and Staveley were mainly in te res ted  in  the mechanical p ro p erties  of 
the new lin ing* A t r i a l  length  of tunnel was expected to  demonstrate th a t
1• These segments would not break in  handling* 3G iron  has a very
high res is tan ce  to  impact in  comparison to  ordinary flake  graphite 
grey cast iro n .
2. The lig h tn ess  of the ring  would contribute to  the ease of and speed
of building i t .  The thickness of section  used (see Fig 22) could 
be h a lf th a t of the *12 f t  7 in s  i ro n 1 used on the V ic to ria  Line 
because SG iron  i s  twice as strong as ordinary cast iro n .
3* The flanges would not break under the sh ield  ram th ru s t ,  in  sp ite
of the l ig h t  section employed, because 3G iron  i s  not only strong 
but has a high elongation.
Instrum entation of two rin g s  could be expected to  ind ica te  th a t:
i .  the fac to r of sa fety  against fa i lu re  in  service was higher in  the
3G iron  lin in g ;
i i .  a ring  of twelve small segments, which could be made in  'automatic
p lan t, would be as s tru c tu ra lly  sound as the tra d itio n a l  number of 
six  segments per r in g .
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F ig .21 The two kinds of cas t - i ron  lining used at  
Brixton, the smaller segment is of 
spheroidal graphite cas t - i ron
£2/ 'fl*- /  3  f
■VJhereas Stanton and Staveley were mainly in te re s te d  in  the extent to  which 
th e i r1 rings behaved d if fe re n tly  from the ordinary ones, the S ta tion  was ad so 
concerned with the behaviour of tunnels as whole stru c tu res  acting with the 
ground* This led  to  a g rea ter in te re s t  in  the s im ila r it ie s  between the 
behaviour of the two lin ings*
Observation of the instrumented rings would provide the S ta tio n  with more 
data on:
1* the ra te  of increase in  hoop th ru s t in  a grouted tunnel;
2. the d is to r tio n  of a single grouted tunnel as i t  aged;
3* the d is to r tio n  of a tunnel by a sim ilar tunnel driven very close to i t ;
4-* the behaviour of the ground ahead of a la rge  tunnel face;
5* the mechanism by which bending moments are developed in  a c irc u la r
segmented tunnel r in g .
3.3 LABORATORY EXAMINATION OF THE SEGMENTS 
3*3*1 D escription, measurement and th e o re tic a l p roperties  
Segments of both kinds were sent to  the Building Research S ta tion  fo r 
te s tin g  of th e ir  s tru c tu ra l p roperties and fo r preparation fo r the  f ie ld  
experiment* The segments were as c a s t, the usual bituminous coating having 
been l e f t  o ff a t the S ta tio n ’s request to  f a c i l i t a t e  instrum entation . The 
two kinds of segment are shown in  Fig 21 • The la rg e r segment su p e rf ic ia lly  
resembles the tra d itio n a l segments used to  l in e  most of the  Underground 
system* I t  d if fe rs  from them in  having a f u l l  depth of flange' of only 
102 mm (4. in s) compared to  the usual 124 mm (4-7/8 in s) and in  having a 
th icker skin, 25 nun (1 in .)  instead of 23 nim (^/S i n . ) .  These are retrograde 
changes and employ a sim ilar amount of metal to  make a section which i s  le s s  
s t i f f  and l e s 3 strong than the tra d itio n a l one (Tables 2 and 3 r e f e r ) .
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F ig .23 Photomicrographs of the two kinds of grey
cas t - i ron ,  approximately x 200 magnification. 
Top-: ordinary cast - i ron  showing the 
graphite as f lakes .  Bottom: S .G .  c a s t -  
iron showing the graphite as spheroids.
S i x  o f  t h e s e  s e g m e n t s  w i t h  p l a n e d  c r o s s  j o i n t  f a c e s ,  m a k e ,  w i t h  a  7 6  m m  
(3  i n s )  v i d e  s o l i d  k e y  s e g m e n t ,  a  r i n g  o f  3*83  m  (12  f t  7 i n s )  i n t e r n a l  
d i a m e t e r .  T h i s  i s  m o r e  t h a n  i s  r e q u i r e d  t o  c l e a r  t h e  s t r u c t u r e  g a u g e  s o  
t h e  r e a s o n  f o r  t h e  s m a l l  f l a n g e s  r e m a i n s  u n e x p l a i n e d .  T h e  o u t s i d e  d i a m e t e r  
o f  4*04  m  ( 1 3  I t  3 i n s ) ,  . w a s  c h o s e n  t o  m a t c h  t h e :  o u t s i d e - ' d i a m e t e r  o f  t h e  
e x p a n d e d  c o n c r e t e  l i n i n g - w h i c h - . w a s ' t o  b e  u s e d  w i t h  t h e  s a m e  s h i e l d  i n  g o o d  
g r o u n d .  T h e  m a t e r i a l  w a s  o r d i n a r y  g r e y  c a s t  i r o n  o f  g r a d e  1 2  o f  1 3 3  1 4 5 2 .
T h e  e x p e r i m e n t a l  r i n g s  w e r e  o f  t h e  s a m e  o u t s i d e  d i a m e t e r  b u t  o f  3 ,8 6  m  
(12  f t  8 i n s )  i n t e r n a l  d i a m e t e r  a n d  w e r e  0.61  m  (24  i n s )  l o n g  i n s t e a d  o f  
0 * 5 1  m  ( 2 0  i n s ) .  T h e y  c o n s i s t e d  o f  t w e l v e  s e g m e n t s ,  w i t h  m a c h i n e d  c r o s s  
j o i n t  f a c e s ,  a n d  a  s o l i d  k e y  s e g m e n t *  T h e  t h i c k n e s s  o f  b o t h  t h e  f l a n g e s  
a n d  t h e  s k i n  w a s  a p p r o x i m a t e l y  h a l f  t h a t  o f  t h e  o t h e r  s e g m e n t s .  T h e  c r o s s  
s e c t i o n s  a r e  c o m p a r e d  i n  F i g  2 2 .  T h e  c i r c u m f e r e n t i a l  b o l t  h o l d e s  w e r e  a t  
r o u g h l y  0.34  m  ( 13b  i n s )  c e n t r e s  i n  b o t h  r i n g s  b u t  o n  p i t c h  c i r c l e  d i a m e t e r s  
d i f f e r i n g  b y  2 5  m m  (1 i n c h ) .  T h e  m a t e r i a l , - s p h e r o i d a l  g r a p h i t e  i r o n ,  
d i f f e r s  f r o m  o r d i n a r y  g r e y  i r o n  i n  t h a t  t h e  g r a p h i t e  o c c u r s  a s  s p h e r u l e s  
i n s t e a d  o f . f l a k e s  ( F i g  23 )  a n d  c o n s e q u e n t l y  h a s  i n c r e a s e d  s t r e n g t h ,  
e l o n g a t i o n  a n d  s t i f f n e s s .  T h e  d e g r e e  t o  w h i c h  a  b a t c h  o f  i r o n  h a s  t h e s e  
p r o p e r t i e s  c a n  b e  c o n t r o l l e d  a t  t h e  f o u n d r y .  T h e  m a t e r i a l  o f  t h o s e  
s e g m e n t s  w a s  r o u g h l y  t w i c e  a s  s t r o n g  a n d  t w i c e  a s  s t i f f  a s  t h e  f l a k e  
g r a p h i t e  i r o n .  T h e  p r o p e r t i e s  a r e  c o m p a r e d  i n  T a b l e  1 *
T h e  t e r m  s p h e r o u d a l  g r a p h i t e  i r o n  i s  u s u a l l y  a b b r e v i a t e d  t o  3 G  i r o n .
T h i s  i r o n  i s  a l s o  k n o w n  a s  n o d u l a r  g r a p h i t e  i r o n .  T h e  B r i t i s h  s t a n d a r d  
( B S  2 7 8 9 )  u s e s  b o t h  t e r m s .  T h e  A m e r i c a n  t e n d  t o  u s e  ‘ d u c t i l e  i r o n ’ a n d  
t h i s  h a s  v i r t u a l l y  b e e n  a d o p t e d  a s  a  t r a d e  m a r k  b y  S t a n t o n  a n d  S t a v e l e y  
i n  t i i i s  c o u n t r y .  T h e  m o r e  a p p r o p r i a t e  w o r d  ‘ m a l l e a b l e ’ h a s ,  o f  c o u r s e ,  
a n o t h e r  m e a n i n g  i n  t h e  m e t a l l u r g y  o f  c a s t  i r o n .
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T A B L E !  1
Structural properties of the two types of iron
T y p e  o f  g r e y  i r o n f l a k e  g r a p h i t e s p h e r o i d a l  g r a p h i t e
S p e c i f i c a t i o n
G r a d e  1 2  t o  
B S  1 4 5 2 : 1 9 5 6
3 1  i G  32 /7  t o  
B 3  2 7 8 9 : 1 9 6 1
2  ■ "
T e n s i l e  s t r e n g t h  M h / m
2
T e n s i l e  s t r e n g t h  t o n s / i n
2
Y o u n g ’ s  m o d u l u s  G H / m  
Y o u n g 1 s  m o d u l u  s  1 0 ^ l b / i n ' " '  
C h a r p y  I m p a c t  m  H  
C h a r p y  I m p a c t  f t  l b  
E l o n g a t i o n  ( p e r  c e n t )
> 1 8 5
8 0 - 9 5
1 * 4 -
■•■■■ u
' ■; k
^  1 2  
1 2 - 1 4  .
, 1 -
"
a b o u t  5 4 0  
a b o u t  1 7 0  
1 9
8 -
a b o u t  3 5  
a b o u t  24
1 4
• 1 5
3 * 3 * 2  . S t r e n g t h  o f  t h e  s e g m e n t s
A  f e w  s e g m e n t s  o f  b o t h  k i n d s  w e r e  t e s t e d  i n  t h e  l a b o r a t o r y .  T h e y  w e r e  
s u b j e c t e d  t o  b e n d i n g  i n  t h e  p l a n e  a t  r i g h t  a n g l e s  t o  t h e ; t u n n e l  a x i s  
( F i g  2 4 ) *  L o a d s ,  d e f l e c t i o n  a n d  l o c a l  s t r a i n s  w e r e  m e a s u r e d .  T h e  p o i n t s  
o n  t h e  c r o s s  s e c t i o n  w h e r e  s t r a i n s  w e r e  m e a s u r e d  a r e  s h o w n  i n  F i g  2 5 .
S o m e  o f  t h e  s t r a i n  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a  ’ D e m e c 1 g a u g e  ( i l o r i c e  a n d  
B a s e ,  1 9 5 3 ) ,  o t h e r s  w e r e  m a d e  w i t h  v i b r a t i n g  w i r e  s t r a i n  g a u g e s  a c t u a l l y  t o  
b e  u s e d  i n  t h e  t u n n e l  a n d  d e s c r i b e d  l a t e r  u n d e r  f i e l d  i n s t r u m e n t a t i o n .  O n  
t h e  c e n t r e  l i n e  o f  t h e  s e g m e n t  t h e  g a u g e  w a s  a  t w o  w i r e  g a u g e  ( T h o m a s ,  1 9 6 6 )  
u s e d  f o r  m e a s u r i n g  b e n d i n g  w i t h  o n l y  o n e  p a i r  o f  p o i n t s  o f  a t t a c h m e n t .
F r o m  t h e s e  t e s t s  v a l u e s  o f  f l e x u r a l  r i g i d i t y  a n d  m o m e n t  o f  r e s i s t a n c e  a t  
f a i l u r e  w e r e  o b t a i n e d •
14.2
F ig .24 Bending tes t  on S .G . iron tunnel segment
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T h e  m o m e n t  o f  r e s i s t a n c e  o f  a n  o r d i n a r y  c a s t  i r o n ,  s e g m e n t  i s  o f  p r a . c t i c j . i l  
i n t e r e s t  l o n g  b e f o r e  i t  i s  a c t u a l l y  b u i l t  i n t o  a  t u n n e l ,  b e c a u s e  f a i l u r e  
c o n  o c c u r  s i m p l y  b y  k n o c k i n g  a  s e g m e n t  o v e r  o n t o  i t s  b o n k .  A  m e a s u r e  o f
t h e  c a p a b i l i t y  o f  a  s e g m e n t  t o  w i t h s t a n d  s u c h  a c c e l e r a t i o n s  i s  o b t a i n e d  i f
t h e  m o m e n t  o f  r e s i s t a n c e  i s  d i v i d e d  b y  t h e  m o m e n t  i n  t h e  s e g m e n t  a t  r e s t  
d u e  m e r e l y  t o  i t s  o w n  w e i g h t  a s  i t  l i e s  o n  i t s  b a c k  o n l y  s u p p o r t e d  a t  i t s  
c e n t r e *  T h i s  m o m e n t  i s  w h e r e  m  i s  t h e  m a s s  o f  t h e  s e g m e n t ,  g  i s
t h e  a c c e l e r a t i o n  d u e  t o  g r a v i t y  a n d  1  i s  t h e  c h o r d  l e n g t h  o f  t h e  s e g m e n t *  
T a b l e  2  s h o w 3 h o w  t h e  s h o r t ,  l i g h t  a n d  s t r o n g  s e g m e n t s  o f  J G  i r o n  a r e  
s u p e r i o r  t o  t h o s e  o f  o r d i n a r y  i r o n *  O f  t h e  l a s t ,  t h e  s e g m e n t  u s e d  o n  t h e  
V i c t o r i a  L i n e  i s  i n f e r i o r  t o  t h e  t r a d i t i o n a l  o n e .
M o m e n t s  o f  r e s i s t a n c e  w e r e  c a l c u l a t e d  f r o m  t h e  d i m e n s i o n s  t a k e n  f r o m  t h e  
m a n u f a c t u r e r 1 s  d r a w i n g s  a n d  f r o m  t h e  s p e c i f i e d  m i n i m u m  s t r e n g t h .  M e a s u r e d  
m o m e n t s  o f  r e s i s t a n c e  a t  f a i l u r e  d i f f e r e d  f r o m  t h i s  b e c a u s e  t h e  d i m e n s i o n s  
o f  t h e ' s e g m e n t s  w e r e  n o t  t o  t h e  d r a w i n g s .  T h e  o r d i n a r y  i r o n  s e g m e n t s  w e r e  
t o o  l i g h t  a n d  t h e  3 G  i r o n  s e g m e n t s  o f  t o o  t h i c k  a  s e c t i o n ,  p a r t i c u l a r l y  i n  
t h e  s k i n *  T h e  p r o t o t y p e ' G G  i r o n  s e g m e n t s  w e r e  h a n d  m o u l d e d .
T h e  v a r i a t i o n  b e t w e e n  c a l c u l a t e d  a n d  m e a s u r e d  v a l u e s  o f  t h e  s t i f f n e s s ,  t h e
m o d u l u s  o f  f l e x u r a l  r i g i d i t y  E  I ,  w e r e  m u c h  g r e a t e r .  O n e  o f  t h e  G G  i r o n  
s e g m e n t s  h a d  a  s e c o n d  m o m e n t  o f  c r e a ,  I ,  w h i c h  w a s  t w i c e  t h a t  c a l c u l a t e d  
f r o m  t h e  s p e c i f i e d  d i m e n s i o n s  a n d  g i v e n  i n  T a b l e  3 «
A l s o ,  o f , c o u r s e ,  t h e  s t r e s s  s t r a i n  c u r v e  o f  c a s t  i r o n ,  p a r t i c u l a r l y  t h e  
o r d i n a r y  f l a k e  g r a p h i t e  f o r m ,  i s  f a r  f r o m  s t r a i g h t  a n d  i f  t h e  s p e c i m e n  i s  
r e l o a d e d  s u b s e q u e n t  c u r v e s  a r e  o f  d i f f e r e n t  s h a p e s .  H e n c e  a n y  v a l u e  t a k e n  
f o r  Y o u n g ' s  m o d u l u s ,  E ,  m u s t  b o  r e g a r d e d  w i t h  c a u t i o n .
U 3
F
a
c
t
o
r
00 ^  -4- 0- O  bO -4  CO CO
CH ™t3
-4
-4  £ >  O  
>4 CO o  02
c.n
• r l  4 - 30 d  ; 0  
n■ ft -I O r-l a  
0  
C O
m 
s 
1 CO 00 T -  
d  vO V O  r -00 S  • • •O  O  O
' . d  ' 
H s t
r i  •  •  •
O 02 02 O  
- P
C
h
o
r
d
l
e
n
g
t
h
5 8 3  
h  a . •  •  •02 02 t-
d  CO O  r “ 
• H  £ > 0 0  - 4 -
H
e
i
g
h
t ■
iC\ t> UN 
bO S3 O  0  CO E3 0  •  o  
02 02 O
l
b
f
6
2
0
6
0
0
1
9
2
I-
lo
n
e
n
t 
of
 
he
 
si
 
s
t
a
n
c
e
m
e
a
s
u
r
e
d
UA O  
O S  •  •a  S  |  VO 00M X- t o
to
n
f 
i
n
6
5
1
5
0
c
a
l
c
u
l
a
t
e
d
_  B -4  -4  
S  • o  •
£5 0  UA 02 
, M  CO 02 CO
to
n
f 
i
n
 
1
2
0
 
1
0
0
 
1
2
8
j 
■ ..
. 
■.
T
y
p
e 
o
f
 
i
r
o
n
o
r
d
i
n
a
r
y
o
r
d
i
n
a
r
y
S
G
o
r
d
i
n
a
r
y
o
r
d
i
n
a
r
y
S
G
S
is
e
 
o
f
 
l
i
n
i
n
g
12
 
ft
 
6 
i
n
 
12
 
ft
 
7 
i
n
 
12
 
ft
 
8 
i
n
12
 
ft
 
6 
i
n
 
12
 
ft
 
7 
i
n
 
12
 
ft
 
8 
i
n
c o
g
P O
c 4
*3 to d  o43 rd 
d  n j  
o  d  
d  f>
r N
C,-| Q)
o a
<1) O 
O  d
;§ rH 
-p  10
• h ’ C
q  y
-p
d
Ci)
d  m
O
d ClJ
a)
«T1 d
d <q
O
O Pi
0 o
CO
do
• H
+3
a
0 )
w
Pi
o
a J
0
2 2
'd
0to
d
d
•H
-4
vO
oJ5
" l
02
.3
02
0 0
02
v OvQ
C 4  U A  O
c o  02 v -
v O  O  
•  •  •
(Jn vO O
•vt 02 r -
vD
•
O
02
I >  t >  
02 02
U A
•M
-4
O  UN O
u \
O  O  O
© O  O
- 4  J >  T - .
t >  t >  o
S 0 !>,r—I d H•H
PI
Hcj
d 4^>o d d•H •H 0
-P d r-i‘H O •r4
rd 4^> dCtJ O 0
d •H [\•P > w0
r l
C;|
d d•H •Hui
d dO o
©
CO
bO
d
*d d d d
•H •H •H •rl
rH
vO £> CO
«H
O 4^ H -3 4J
Pi Pi
0
N C\2 CM 02
*H T— V r “
CO
144
3 * 3 * 3  S t r u c t u r a l  b e h a v i o u r  o f  t h e  s e g m e n t s  i n  f l c ; - ! u r o  
T o  a s c e r t a i n  w h e t h e r  t h e  l a w s  o f  s i m p l e  b e n d i n g  w e r e  a p p l i c a b l e  t o  a  
t u n n e l  s e g m e n t ,  a  v a l u e  o f  E ,  d e t e r m i n e d  f r o m  t e s t s  o n  s m a l l  s a n p l e s ,  w a s  
m u l t i p l i e d  b y  t h e  c a l c u l a t e d  v a l u e  o f  I  u s i n g  t h e  a c t u a l  d i m e n s i o n s  o f  a  
s e g m e n t *  T h i s  t h e o r e t i c a l  E  I  a / a s  t h e n  c o m p a r e d  w i t h  t h e  s t i f f n e s s  
m e a s u r e d  i n  a  b e n d i n g  t e s t *
R e s u l t s  f r o m  t h e  p a i r s  o f  s t r a i n  g a u g e s  c o u l d  b e  r e g a r d e d  a s  g r a d i e n t s  o f  
• : e  -  e 2
s t r a i n  — -  w h e r e  e ^  a n d  e 0  a r e  t w o  s t r a i n  c h a n g e s  a i d  d  i s  t h e  d i s t a n c e
b e t w e e n  t h e  s t r a i n  g a u g e s  i n  t h e  p l a n e  o f  b e n d i n g .  T h e  r e s u l t s  v / o u l d  b e
e ^ r e s s e d  a s  m i c r o s t r a i n  p e r  i n c h  o f  d e p t h  o f  t h e  s e c t i o n .  E q u a l l y  w e l l
e 1  ”  — 1  
t h e  e x p r e s s i o n   t j   w h i c h  h a s  t h e  d i m e n s i o n s  ( l e n g t h ) ”  c o u l d  b e
r e g a r d e d  a s  a  m e a s u r e m e n t  o f  c u r v a t u r e .
f o r  a  b e a m  s u b j e c t e d  t o  s i m p l e  b e n d i n g  t h e  t h e o r e t i c a l  r e l a t i o n  i s
H = K 1 ~  ;
w h e r e  M  =  a p p l i e d  b o n d i n g  m o m e n t
l / R  =  c u r v a t u r e
E  =  Y o u n g ' s  m o d u l u s
I  =  s e c o n d  m o m e n t  o f  a r e a .
H o w e v e r  b e n d i n g  t e s t s  o n  t h e  s e g m e n t s  g a v e  v a l u e s  f o r  t h e  m o d u l i  o f  f l e x i r a l  
r i g i d i t y  w h i c h  w e r e  l o w  c o m p a r e d  t o  t h e  c a l c u l a t e d  o n e s .  T h i s  d i s c r e p a n c y  
. w a s  m o r e  m a r k e d  i n  t h e  c a s e  o f  t h e  s h o r t ,  w i d e y  l i g h t - s e c t i o n e d  s e g m e n t s  
i n  E G  i r o n .  - ' A I s o  t h e  m o d u l u s  o f  f l e x u r a l  r i g i d i t y  b c c a n o  e v e n  l o w e r  a s  
t h e  a p p l i e d  b e n d i n g  m o m e n t  w a s  i n c r e a s e d .
U 5
T h i s  s u g g e s t e d  t h a t  a  t u n n e l  s e g m e n t  d i d  n o t  b e n d  i n  t h e  w a y  a  s i m p l e  b e a m  
d o e s #  E x p e r i m e n t a l  i n v e s t i g a t i o n  s h o w e d  t h a t  n e i t h e r  d i d  i t  b e h a v e  a s  
d o e s  a  s t r a i g h t  p i e c e  o f  m a t e r i a l  o f  U  s e c t i o n  a n d  w i t h  o p e n  e n d s .
W h e n  a  t u n n e l  s e g m e n t ,  c u r v e d  a n d  w i t h  f l a n g e s  a c r o s s  i t s  e n d s ,  w a s  l o a d e d  
b y  f o r c e s  t e n d i n g  t o  s t r a i g h t e n  i t  ( p o s i t i v e  b e n d i n g ) ,  i t  d e v e l o p e d  t h e  
e x p e c t e d  t e n s i l e  s t r a i n s  i n  t h e  t i p s  o f  i t s  c i r c u m f e r e n t i a l  f l a n g e s  w i t h  
c o m p r e s s i o n  o f  t h e  r o o t s  o f  t h e s e  f l a n g e s .  I n s t e a d  o f  s h o r t e n i n g  w i t h  . 
t h e .  f l a n g e - r o o t ,  t h e  r e l a t i v e l y  f l e x i b l e  s k i n  o f  t h e  s e g m e n t  b o w e d  o u t ,  
p a r t i c u l a r l y  n e a r  t h e  c i r c u m f e r e n t i a l  c e n t r e  l i n e .  I ;f o  c o m p r e s s i v e  s t r e s s  
o c c u r r e d  h e r e ,  h e n c e  t h e  s k i n  w a s  n o t  c o n t r i b u t i n g  t o  t h e  s t i f f n e s s  o f  t h e  
s e g m e n t  a s  a  w h o l e .
W h e n  a  s e g m e n t  w a s  b e n t  i n  t h e  o p p o s i t e  s e n s e  t h e  c e n t r a l  p a r t ’ o f  t h e  s k i n  
s t r a i g h t e n e d  u n d e r  n e g l i g i b l e  t e n s i o n  a s  t h e  c r o s s  f l a n g e s  t i l t e d  a p a r t .
3 . 3 . 4 -  F l e x u r e  o f  S C I  i r o n  s e g m e n t s  w i t h  b a c k  p r e s s u r i s e d  
I n  o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  g r o u n d  p r e s s u r e  o n  t h e  b e n d i n g  
c h a r a c t e r i s t i c s  o f  t h e  S G  i r o n  s e g m e n t s ,  a  u n i f o r m  p r e s s u r e  w a s  a p p l i e d  t o  
t h e  b a c k  o f  o n e  b y  m e a n s  o f  a  f l a t  r u b b e r  b a g  w h i c h  w a s  p r e s s u r i s e d  w i t h
o  0
w a t e r  ( s e e  F i g  2 6 ) .  T h e  t e s t , u p  t o  4 - 1 3  k l l / m  ( 6 0  l b / i n ' ' )  w h i c h  i s  
e q u i v a l e n t  t o  t h e  o v e r b u r d e n  p r e s s u r e ,  s h o w e d  t h a t  t h e  f l a n g e s  o f  t h e  s e g m e n t  
b e n t  n e g a t i v e l y  ( i n c r e a s e '  o f  c u r v a t u r e )  w i t h  i n c r e a s i n g  p r e s s u r e .
q  • ry:.
6 . 8 9  k H / m ^  ( 1  l b / i n " - )  p r o d u c e d  a  c u r v a t u r e  c o r r e s p o n d i n g  t o  - 0 . 0 2  k h r n  
( - 0 . 8  t o n  i n . )  b e n d i n g  m o m e n t  ( s e e  F i g  2 7 ) .
T h e  m e c h a n i s m  o f  t h e  b e n d i n g  t e s t  w a s  n o w  o p e r a t i n g  i n  r e v e r s e  -  c a u s e  a n d  
e f f e c t  b e i n g  t r a n s p o s e d .  T h e  u n i f o r m  p r e s s u r e  m o v e d  t h e  c e n t r e  p a r t  o f
■ 1 4 - 6  . ■
t h e  t h i n  s k i n  r a d i a l l y *  i n w a r d s  i n d u c i n g  a  c i r c u m f e r e n t i a l  c o m p r e s s i o n  i n  i t .
T h e  s k i n  w a s  f r a m e d  b y  t h e  r e l a t i v e l y  r i g i d  f l a i i g e  r o o t  - w h i c h  w a s  t h r o w n
i n t o  t e n s i o n .  T h e  t i p  o f  t h e  c i r c u m f e r e n t i a l  f l a n g e  w h i c h  w a s  o n  t h e  o t h e r  
s i d e  o f  t h e  n e u t r a l -  a x i s  o f  t h e  s e g m e n t  s e c t i o n / w e n t  i n t o  c o m p r e s s i o n ,  i e  
t h e  f l a n g e  w a s  b e n t  n e g a t i v e l y .  T h e  e x t r a  s t r a i n  g a u g e s  o n  t h e  f l a n g e s  
a l s o  s u g g e s t e d  t h a t  t h e  p a r t  o f  t h e  s k i n  n e a r  t h e  f l a n g e  r o o t  a c t e d  w i t h  t h e  
f l a n g e .  T h e  w i d t h ' . o f  t h i s  p a r t  m a y  b e  d e t e r m i n e d  b y  e q u a t i n g  t h e  m o m e n t  
c a l c u l a t e d  f r o m  t h e  o b s e r v e d  c u r v a t u r e  o f  t h e  f l a n g e  a n d  t h e  s t i f f n e s s  o f  
t h e  i n c r e a s e d  s e c t i o n  w i t h  t h e  m o m e n t  g i v e n  b y  t h e  s k i n  s t r e s s  a c t i n g  o v e r
t h e  r e m a i n i n g  a r e a  a t  t h e  a p p r o p r i a t e  d i s t a n c e  f r o m  t h e  n e u t r a l  a x i s  o f  t h e
f l a n g e .
' 1  ■ v
T h u s  j j  x  E l  =  E  e  x  a c t i v e  a r e a  o f  s k i n  x  h
. -1 :
w h e r e  ^  =  c u r v a t u r e  i n d i c a t e d  b y  f l a n g e  g a u g e s
I  =  s e c o n d  m o m e n t  o f  a r e a  o f  f l a n g e  a n d  n e a r b y ' p a r t  o f  s k i n
h  =  d i s t a n c e  o f  n e u t r a l  a x i s  o f  t h i s  f l a n g e  s e c t i o n  f r o m
m i d d l e  o f  s k i n  
e  =  a v e r a g e  s t r a i n  i n  s k i n .
I  a n d  h  f o r  t h e  f l a n g e  s e c t i o n  a n d  t h e  a c t i v e  a r e a  o f  t h e  s k i n  m a y  b e  
e x p r e s s e d  i n  t e r m s  o f  t h e  s i n g l e  u n k n o w n  -  t h e  - w i d t h  o f  t h e  s k i n  w h i c h  a c t s  
w i t h  t h e  f l a n g e .  T h i s  h a s  b e e n  f o u n d  t o  b e  9 0  m m  ( 3 ^  i n s )  a n d  t h e  c e n t r o i d  
o f  t h e  i n c r e a s e d  f l a n g e  s e c t i o n  i s  l o c a t e d  2 1 . 6  m m  ( 0 . 8 5  i n c h e s )  f r o m  t h e  
m i d d l e  o f  t h e  s k i n .
T h e  b e n d i n g  o f  t h e  c i r c u m f e r e n t i a l  f l a n g e s  a l l o w s  t h e  p o i n t s  o f  a t t a c l i m c n t  
o f  t h e  s k i n  t o  t h e  c r o s s  f l a n g e s  t o  m o v e  a p a r t ,  w h i l s t  t h e  s k i n  i t s e l f  
b e c o m e s  s l i g h t l y  s h o r t e r  d u e  t o  t h e  c o m p r o o s i v e  f o r c e  i n  i t .  H e n c e  t h e ' w h o l e
1 4 - 7
F i g .  2 6  R u b b e r  b a g  s t r a p p e d  t o  a  s e g m e n t  s o  t h a t  a  u n i f o r m  
p r e s s u r e  c o u l d  b e  a p p l i e d  t o  i t s  b a c k
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o f  t h e  c e n t r e  p a r t  o f  t h e  s k i n  m u s t  m o v e  i n w a r d  b y  a n  a m o u n t  w h i c h  c a n  b e  
c a l c u l a t e d  f r o m  t h e  c h a n g e s  i n  c u r v a t u r e  o f  t h e  f l a n g e s  a n d  t h e  d i s t a n c e  
h  =  2 1 , 6  m m  ( 0 . 8 5  i n c h e s ) .  A  v a l u e  o f  2 . 0  m m  ( 0 . 0 7 8  i n c h e s )  i s  o b t a i n e d
p  O
f o r  t h e  v a l u e s  m e a s u r e d  a t  4 1 3  k b / m "  ( 6 0  I b / i n ^ )  v / h e r e a s  t h e  d e f l e c t i o n  
m e a s u r e d  b y  a  d i a l  g a u g e  w a s  2 , 4  m m  ( 0 . 0 9 4  i n c h e s ) .  A l t h o u g h  t h e  t w i n  w i r e  
g a u g e  c o n f i r m e d  t h a t  l i t t l e  o r  n o  b e n d i n g  o c c u r r e d  a t  t h e  c e n t r e ,  b e n d i n g  
n e a r  t h e  c r o s s  f l a n g e s  c o u l d  a c c o u n t  f o r  t h i s  d i s c r e p a n c y .
T h e  s t r a i n  g a u g e s  o n  b o t h  s i d e s  o f  t h e  f l a n g e s  a l s o  s h o w e d  t h a t  i n  a d d i t i o n  
t o  t h e  c i r c u m f e r e n t i a l  b o n d i n g  d i s c u s s e d  a b o v e  t h e r e  w a s  a l s o  b o n d i n g  i n ' - . . -  
t h e  d i r e c t i o n  a t  r i g h t  a n g l e s ,  s u c h  t h a t  t h e  c e n t r e s  o f  t h e  f l a n g e s  m o v e d  
s l i g h t l y  a w a y  f r o m  e a c h  o t h e r •
T h e s e  e x p e r i m e n t s  s h o w e d  t h a t  a  c u r v a t u r e  m a y  b e  o b s e r v e d  i n  t h e  f l a n g e  o f  
a  s e g m e n t ,  n o t  b e c a u s e  l o c a l  f o r c e s  a r e  c h a n g i n g  t h e  s h a p e  o f  t h e  t u n n e l ,  
b u t  m e r e l y  b e c a u s e  a  h y d r o s t a t i c a l l y  d i s t r i b u t e d  e x t e r n a l  p r e s s u r e  i s  
a l t e r e d .  A l s o  n o t  o n l y  w a s  t h e  m o d u l u s  o f  f l e x u r a l  r i g i d i t y  'always  l e s s  t h a n  
t h e  t h e o r e t i c a l  E  I ,  b u t  v a r i e d  i n v e r s e l y  w i t h  t h e  a p p l i e d  b e n d i n g  m o m e n t .
H e n c e  i t  w a s  b e t t e r  n o t  t o  a t t e m p t  t o  i n t e r p r e t  a  v a l u e  o f  c u r v a t u r e  s t r a i n  
i n  t h e  f l a n g e  a s  i n d i c a t i n g  t h a t  t h e  s e g m e n t  a s  a  w h o l e  was r e s i s t i n g  a  . 
p a r t i c u l a r  b e n d i n g  m o m e n t .  A l s o  t h e  f l a n g e s  a r e  t h e  m o s t  v u l n e r a b l e  p a r t  
o f  a  t u n n e l  s e g m e n t  s o  t h e  s t r a i n s  h e r e  a r e  o u r  m a i n  c o n c e r n ,
,  3 * 3 * 5  C r o s s  . j o i n t s  
T w o  SG i r o n  s e g m e n t s ,  b o l t e d  t o g e t h e r  a t  t h e i r  l o n g i t u d i n a l  o r  c r o s s . j o i n t s ,  
were  l o a d e d  s o  t h a t  t h e  b e h a v i o u r  o f  t h e  j o i n t  i n  b e n d i n g  ( b u t  w i t h  n o  h o o p  
t h r u s t )  c o u l d  b e  i n v e s t i g a t e d .  A  s i m i l a r  e x p e r i m e n t  w a s  m a d o  w i t h  t w o  h a l f -
148
Fig. 28 Bending tes t  on the cross joint between two half 
segments of 12ft. 7 in. lining
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Figure 29 Stiffness of cross joints in bending, with no hoop load.
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s e g m e n t s  o f  t h e  o r d i n a r y  f l a k e  ' - . g r a p h i t e  i r o n  ( s e e  F i g .  2 8 ) .
R e s u l t s  a r e  ' s h o w n  i n  t h e  g r a p h  o f  . F i g  2 9  i n  w h i c h  a n g u l a r  m o v e m e n t  b e  t v / e o n  •' 
t h e  s e g m e n t s  i s  p l o t t e d  a g a i n s t  a p p l i e d  b e n d i n g  m o m e n t .  T h e  s i n g l e  s t e e p  
l i n e  i s  f o r  t h e  o r d i n a r y  i r o n  s e g m e n t s ,  t h e  g r o u p  o f  t h r e e  l i n e s  i s  f o r  t h e  
S G  i r o n  s e g m e n t s  u i t h  v a r i a t i o n s  i n  t h e  w a y  t h e  j o i n t  w a s  m a d e .  A t  l a r g e  
d e f l e c t i o n s  ( 1 - 2  d e g r e e  o f  a r c )  t h e  j o i n t  i n  t h e  o r d i n a r y  i r o n  s e g m e n t s  i s  
s e e n  t o  b e  a b o u t . . t w i c e  a s  s t i f f  a s  t h a t  i n  t h e  o r d i n a r y  i r o n  s e g m e n t s .
B e f o r e  d i s c u s s i n g  p o s s i b l e  a p p l i c a t i o n  o f  t h i s  r e s u l t  i t  i s  n e c e s s a r y  t o  
r e c a l l  t h e  c o n s t r u c t i o n  o f  t h e  j o i n t s  a n d  c l a r i f y  t h e  g e o m e t r y  o f  t h e i r ,  
d e f o r m a t i o n .  C r o s s  s e c t i o n s  o f  t w o  j o i n t s  a r e  s h o w n  i n  F i g  2 9 .  T h e  
m a c h i n e d  m a t i n g  f a c e s  o f  t h e  l o n g i t u d i n a l  f l a n g e s  a r e  2 0  m m  l e s s  w i d e . ,  t h a n  
t h e  w h o l e  f l a n g e  b e c a u s e  t h e  i n s i d e  e d g e  i s  r e b a t e d  t o  f o r m  a  c a u l k i n g  
g r o o v e  i n  t h e  c o m p l e t e d  j o i n t .  E a c h  c r o s s  j o i n t  i s  f a s t e n e d  b y  a  r o w  o f  
t h r e e  b o l t s  h a l f - w a y  u p  t h e  i n s i d e  d e p t h  o f  t h e  f l a n g e .
I f  a  p a i r  o f  s e g m e n t s  i s  b e n t  i n  a  m a n n e r  t e n d i n g  t o  s t r a i g h t e n  t h e m ,  h i n g i n g  
o c c u r s  a t  t h e  j o i n t ,  n o t  b e c a u s e  t h e  b o l t s  s t r e t c h  b u t  b e c a u s e  t h e  f l a n g e  
d i s t o r t s .  T h e  c o r n e r • w h e r e  t h e  t i p  o f  t h e  l o n g i t u d i n a l  f l a n g e  j o i n s  t h a t  
o f  t h e  c i r c u m f e r e n t i a l  f l a n g e  r o t a t e s  a b o u t  t h e  l i n e  w h e r e  t h e  j o i n t  c u t s  
t h e  e x t r a d o s .  I n  d o i n g  s o  i t  b e c o m e s  s e p a r a t e d  f r o m  t h e  c o r r e s p o n d i n g  
c o r n e r  o n  t h e  a d j a c e n t  s e g m e n t .  I f  t h e  t w o  s e g m e n t s  a r e  p o u t  o f  a  r i n g  
s u b j e c t e d  t o  h o o p  t h r u s t ,  t h i s  t h r u s t  i s  c a r r i e d  b y  t h e  l i n e  c o n t o . c t  a t  t h e  
e x t r a d o s .  I f  b e n d i n g  i s  i n  t h e  o p p o s i t e  s e n s e ,  t h e  c o r n e r s  c o m e  t o g e t h e r  
a n d  t h e  ' t h r u s t  i s  t a k e n  t h r o u g h  t h e m *  T h e  a c t u a i  p o i n t s  o f  c o n t a c t  a r e  a t  
t h e  b o t t o m  o f  t h e  c a u l k i n g  g r o o v e .
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T h e  d e f o r m a t i o n  o f  t h e  c r o s s  f l a n g e s  o f  a  p a i r  o f  8 0  i r o n  s e g m e n t s  u n d e r ­
g o i n g  p o s i t i v e  b e n d i n g  i s  s h o w n  i n  F i g  3 0 ,  T h e s e  f l a n g e s  a r e  2 0  p e r  c e n t  
l o n g e r  a n d  h a l f  a s  t h i c k  a s  t h o s e  o f  t h e  l i n i n g  o f  o r d i n a r y  f l a k e  g r a p l i i t e  
i r o n .  A l l o w i n g  f o r  t h e  d i f f e r e n t  Y o u n g ’ s  m o d u l i  o f  t h e  t w o  m a t e r i a l s  i t  i s  
c a l c u l a t e d  t h a t  t h e  r e l e v a n t  s t i f f n e s s  o f  t h e  f l a n g e s  o f  t h e  S O  l i n i n g  i s  
2 0 - 2 5  p e r  c e n t  o f  t h a t  o f  t h e  o r d i n a r y  i r o n  l i n i n g .  T h e  e x p e r i m e n t  c o n f i r m e d  
t h i s  l a r g e  r a t i o  f o r  s m a l l  a n g u l a r  d e f l e c t i o n s  o f  t h e  t w o  k i n d s  o f  j o i n t .
F i g u r e  3 0  s h o w s  t h e  j o i n t  f l e x e d  t o  a n  a n g u l a r  d e f l e c t i o n  f a r  l a r g e r  t h a n  
t h a t  w h i c h  w o u l d  b e  e n c o u n t e r e d  i n  a  t u n n e l ,  i n  o r d e r  t o  i l l u s t r a t e  t h e  
m e c h a n i s m  o f  t h e  j o i n t .  I t  a l s o  s h o w s  t h a t  t h e  c e n t r e  b o l t  i s  u n l i k e l y  t o  
b e  l o a d e d  n e a r l y  a s  m u c h  a s  t h e  o u t e r  o n e s .  R e s i s t a n c e  s t r a i n  g a u g e s  w e r e  
p u t  o n  t h e  b o l t s  a n d  F i g  3 1  w a s  p r o d u c e d  f r o m  t h e  r e s u l t s .  I t  s h o w s  t h e  
i n c r e a s e  i n  b o l t  t e n s i o n  d u r i n g  a  b e n d i n g  t e s t  p l o t t e d  a g a i n s t  t h e  a n g u l a r  
d e f l e c t i o n  a t  t h e  j o i n t .  A t  z e r o  o n  t h e  t e n s i o n  s c a l e  t h e  b o l t s  h a d  e a c h  
a b o u t  3 0  l c N  ( 3  t o n s )  t e n s i o n  d u e  t o  b o l t  t i g h t e n i n g  a n d  t o  t h e  m o m e n t  
r e s u l t i n g  f r o m  t h e  s e l f  w e i g h t  o f  t h e  s e g m e n t s .
T h e  r a t e s  o f  i n c r e a s e  i n  b o l t  t e n s i o n  w i t h  a n g u l a r  d e f l e c t i o n  a r e :
T y p e  o f  j o i n t B o l t k N / d e g r e e t o n / d a g r e e
O r d i n a r y  s e g m e n t s A v e r a g e  o f  t w o  o u t s i d e 3 8 3 . 8
w i t h  t h r e e  b o l t s
M i d d l e 1 8  ‘ 1 . 8  .
S O  i r o n  s e g m e n t s A v e r a „ g e  o f  t w o  o u t s i d e 1 5 1 . 5
w i t h  t h r e e  b o l t s
M i d d l e 4 . 5 0 . 4 5
S G  i r o n  s e g m e n t s  
n o  m i d d l e  b o l t
A v e r a g e  o f  t w o  
( n o t  p l o t t e d )
1 8 1 . 8
H e n c e  ’ z e r o *  f o r  a n y  s e t  o f  s t r a i n  r e a d i n g s  i s  n o t  d e t e r m i n e d  w i t h  a n y  m o r e  
a c c u r a c y  t h a n  a n y  o t h e r  s t r a i n  r e a d i n g s  a n d  t h e r e  i s  n o  r e a s o n  f o r  d r a w i n g  
t h e  c u r v e s  t h r o u g h  t h e  o r i g i n .
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Fig. 30 Distortion of cross flanges of S .G . iron segments 
after a bending te s t  on the joint
/ A / /  a/f?r p  /  o
LO
AD
 
in 
bo
lt 
(a
bo
ve
 
in
it
ia
l 
te
ns
io
n)
80-
70-
-66 0 -
50-
40-
30-
20 -
10-
1° 0 0 ' 2°00
A n g l e  a t  j o i n t
( H i n g e  at  e x t r a d o s )
-3
Fig 31 Bending tests of cross joints: increase in tension in bolts plotted against 
angle at joint -
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■ T h u s  t h o  m o r e  f l e x i b l e  j o i n t  b e t w e e n  J G  i r o n  ■ s e g m e n t s ,  w i t h  a  3 : 1  r a t i o  
b e t w e e n  t h e  t e n s i o n s  i n  t h e  o u t s i d e  b o l t s  a n d  t h a t  i n  t h e  m i d d l e  o n e s ,
• e x a g g e r a t e s  t h e  s i t u a t i o n  - i n  t h e  o r d i n a r y  s e g m e n t s  i / h e r e  t h e r e  i s  s t i l l .  a  
2 : 1  r a t i o .
w h e n  t h e  b o n d i n g / a n g u l a r  d e f l e c t i o n  t e s t  w a s  r e p e a t e d  w i t h ' t h e  c e n t r e  b o l t  
o m i t t e d  f r o m  t h e  j o i n t  b e t w e e n  t h e  3 d  i r o n  s e g m e n t s ,  t h e  r e s u l t s  ( p l o t t e d  . 
w i t h  d o t s  i n  F i g  2 9 )  a r e  v e r y  l i t t l e  d i f f e r e n t  f r o m  t h o s e  w i t h  a l l  t h r e e  
b o l t s  ( t r i a n g l e s ) •  A t  f i r s t  i t  w a s  t h o u g h t  t h a t  t h e  f l e x i b i l i t y  o f  t h e  
' j o i n t - w o u l d  b e  i n c r e a s e d  b y  t h e  d i s t o r t i o n  o f  t h e  w a s h e r s  b e t w e e n  t h e  b o l t  
h e a d s  a n d  t h e  c o u n t e r s i n k  w h i c h  i s  i n t e n d e d  t o  r e c e i v e  g r o m m e t s  s h o u l d  t h e  
b o l t  h o l e s  h a v e  t o  b e  w a t e r  p r o o f e d  ( s e e  s e c t i o n  o f  j o i n t ,  F i g  2 9 ) *  H e n c e  
t h e  j o i n t  w a s  t e s t e d  a s  s u p p l i e d  w i t h o u t  g r o m m e t s  ( d o t s )  a n d  a g a i n  w i t h  
c o n i c a l  b u s h e s  f i l l i n g  t h e  c o u n t e r s i n k  s o  t h a t  t h e  j o i n t  w o u l d  b e h a v e  a s  i f  
t h e  s e g m e n t  h a d  p l a i n  h o l e 3  ( a s  d i d  t h e  o r d i n a r y  i r o n  s e g m e n t s ) .  H o w e v e r ,  
t h e  r e s u l t s  ( s q u a r e s )  s h o w e d  t h a t  t h e  w a s h e r s  d i d  n o t  d i s t o r t  u n t i l  m o m e n t s  
a b o v e  6  k h / m  ( 2 4  t o n / i n . )  w e r e  r e a c h e d .  T h e  d i v e r g e n c e  o f  t h e  t w o  c u r v e s  . 
i s  o f f  t h e  s c a l e  o f  F i g  2 9 .
M o s t  o f  t h e  d i a m e t r i c a l  d i s t o r t i o n  o f  t h e  r i n g s  d u r i n g  t h e  f i e l d  e x p e r i m e n t  
c a n  b e  a c c o u n t e d  f o r  b y  t h e  c u r v a t u r e  s t r a i n s  r e c o r d e d .  '  A n y  a n g u l a r  m o v e m e n t s  
a t  t h e  j o i n t s  w o u l d  h a v e  b e e n  v e r y  s m a l l ®  T h e  s t r a i n  e n e r g y  c o r r e s p o n d i n g  
t o  t h e  s m a l l  d i s t o r t i o n  o f  t h e  r e l a t i v e l y  f l e x i b l e  c r o s s  f l a n g e s  w o u l d  
c h a n g e  t h e  l o a d  i n  t h e  b o l t s  n e g l i g i b l y .  A n y  m e c h a n i s m  p r o d u c i n g  b e n d i n g  
m o m e n t s  n e a r  t h e  j o i n t s  a t  t h e s e  s m a l l  d e f l e c t i o n s  w o u l d  n o t  d e p e n d  o n  t h e  
c r o s s  j o i n t  b o l t s .
F o r  a n g u l a r  m o v e m e n t  a b o u t  a  p o i n t  o n  t h e  e x t r a d o s  t h e  b o l t s  a r e  c e n t r e d  
5 0  m m  f r o m  t h e  c e n t r e  o f  r o t a t i o n  i n  t h e  3 0  i r o n  l i n i n g  a n d  6 3  m m  i n  t h e  
o r d i n a r y  i r o n  l i n i n g .  F o r  m o v e m e n t  a b o u t  t h e  b o t t o m  o f  t h e  c a u l k i n g  g r o o v e  
t h e  d i s t a n c e  i s  o n l y  1 8  m m  i n  b o t h  l i n i n g s .  T h u s  a l t h o u g h  i n  t h e  l a t t e r  
c a s e  t h e  b o n d i n g  o f  t h e  f l a n g e s  i s  m o r e  c o m p l i c a t e d ,  a n d  i t  m a y  b e  s t i f f e n ,  
a n y  m o m e n t  t r a n s m i t t e d  v i a  t h e m  i s  s t i l l  n e g l i g i b l e .
F o r  b e n d i n g  o f  t h e  m i d d l e s  o f  t h e  s e g m e n t s ,  t h i s  w a s  s u p p o r t e d  e x p e r i m e n ­
t a l l y  b y  l o o s e n i n g  c r o s s  j o i n t  b o l t s  i n  t h e  t u n n e l  ~  t h e  s t r a i n  g a u g e s  o n  
t h e  c i r c u m f e r e n t i a l  f l a n g e s  w e r e  u n a f f e c t e d ,
T h e  f i e l d  r e s u l t s  d e s c r i b e d  l a t e r ' - s h o w ' t h a t  a  t u n n e l  l i n i n g  b u i l t  i n  
L o n d o n  C l a y  r a p i d l y  d e v e l o p s  a  h o o p  l o a d .  T h i s  s o o n  r i s o s  t o  g i v e  a  
c o m p r e s s i o n  a c r o s s  t h e  j o i n t  w h i c h  i s  g r e a t e r  t h a n  c o u l d  b e  a p p l i e d  b y  
b o l t i n g .  H o w e v e r ,  t h e  c o m p r e s s i v e  s t r e s s  i s  n o t  t r a n s m i t t e d  b y  t h e  w h o l e  
c r o s s  j o i n t  f a c e  b e c a u s e  t h i s  i s  i n s u f f i c i e n t l y  s t i f f  t o  d o  s o .  O n l y  t h o s e  
p a r t s  o f  t h e  f a c e  i n t e r p o s e d  b e t w e e n  t h e  c i r c u m f e r e n t i a l  p a r t s  o f  t h e  t w o  
s e g m e n t s  d o  t h i s .  T h u s  t h e  c e n t r e  p a r t  o f  t h e  c r o s s  f l a n g e  w h i c h  i s  n o t  
a  c o n t i n u a t i o n  o f  t h e  s e g m e n t  c r o s s  s e c t i o n  p l a y s  n o  p a r t  i n .  t h e  t r a n s m i s s i o n  
o f  h o o p  s t r e s s .  T h e  o n l y  m o d i f i c a t i o n  f r o m  t r a n s m i s s i o n  o f  c o m p r e s s i o n  i n  
t h e  r e s t  o f  t h e  r i n g  i s  t h a t  p a r t  o f  t h e  c r o s s  f l a n g e  t i p  i s  i n t e r r u p t e d  
b y  t h e  c a u l k i n g  g r o o v e .  T h e  h o o p  c o m p r e s s i o n  i n  t h e  r i n g  a n d  v i r t u a l  
c o n t i n u a t i o n  o f  t h e  c r o s s  s e c t i o n  o f  t h e  s e g m e n t  a c r o s s  t h e  j o i n t  e n a b l e  i t  
t o  t r a n s m i t  g r a d i e n t s  o f  s t r e s s ,  i e  b e n d i n g .
S h o u l d  b e n d i n g  c a u s e  t e n s i o n  a t  o n e  s i d e  o f  t h e  j o i n t  w h i c h  e x c e e d s  
t h e  h o o p  c o m p r e s s i o n  t h e  j o i n t  v a i l  s t a r t  t o  o p e n  t h e r e .  N e v e r t h e l e s s ,  
t h e  g r a d i e n t  o f  s t r e s s  i s  r e t a i n e d  i n  t h e  u n s e p a r a t e d  p a r t  o f  t h e  j o i n t .
A t  a  s u f f i c i e n t l y  h i g h  a n g u l a r  d e f l e c t i o n  a  l i n e  c o n t a c t  w o u l d  d e v e l o p  a t  
o n e  e d g e  a n d  t h e r e  w o u l d  b e  n o  g r a d i e n t  o f  s t r a i n  a t  t h e  j o i n t .  H o w e v e r , '  
d u e  t o  t h e  e c c e n t r i c i t y  o f  t h e  l i n e  o f  t h r u s t  o f  t h e  h o o p  f o r c e ,  t h e r e  
w o u l d  s t i l l  b e  a  g r a d i e n t  o f  s t r a i n  e l s e w h e r e  i n  t h e  s e g m e n t .  T h i s  
g r a d i e n t  w o u l d ,  o f  c o u r s e ,  h a v e  t h e  s a m e  s i g n  a s  t h e  g r a d i e n t  a s s o c i a t e d  
w i t h  a  w h o l l y  c l o s e d  o r  p a r t i a l l y  o p e n  j o i n t  s u b j e c t e d  t o  t h e  s a n e  k i n d  o f  
b e n d i n g .  I f  t h e  o n l y  d a t a  o n e  h a s  a r e  s t r a i n  g r a d i e n t  m e a s u r e m e n t s  a t  s o m e  
d i s t a n c e  f r o m  t h e  j o i n t  w i t h  n o  k n o w l e d g e  o f  t h e  g e o m e t r y  o f  t h e  j o i n t ,  o n e *  
. w o u l d  k n o w  t h a t  a  l i n e  c o n t a c t  h a d  f o r m e d .  H o w e v e r ,  t h i s  i s  n o t  o f
S o y ,  b y  d r i v i n g  a n o t h e r  t u n n e l  n e a r  t o  o n e  t h a t  n o t  y e t  d e v e l o p e d  m u c h  
h o o p  c o m p r e s s i o n ,  o r  b y  d r i v i n g  i t  t o o  c l o s e .
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p r a c t i c a l  i m p o r t a n c e  b e c a u s e  t h e  f a c t  t h a t  e x a c t l y  a t  t h e  j o i n t  t h e  
g r a d i e n t  w a s  z e r o  w o u l d  n o t  l e s s e n  t h e  v a l u e s  i n  t h e  g r e a t e r  p a r t  o f  t i i e  
s e g m e n t  i n  w h i c h  t h e  m e a s u r e m e n t  w a s  m a d e .  H o w e v e r ,  s i n c e  t h e  l i n e  o f  
t h r u s t  p a s s e s  t h r o u g h  t h e  e d g e  o f  a  j o i n t  t h a t  h a s  o p e n e d  t h e r e  i s  a n  u p p e r  
l i m i t  f o r  t h e  s t r a i n  g r a d i e n t  i n  i t s  v i c i n i t y .  T h i s  c o r r c s p o n d e s  t o  t h e  
b e n d i n g  m o m e n t  w h i c h  i s  t h e  p r o d u c t  o f  t h e  h o o p  t h r u s t  a n d  t h e  d i s t a n c e  
b e t w e e n  t h e  n e u t r a l  s u r f a c e  a n d  t h e  l o a d  b e a r i n g  e d g e  o f  t h e  j o i n t *
3 . 1  U N D i w i G R O U N D  W O R K  O N  T H E  L I N I N G S
W o r k  i n  t h e  t e m p o r a r y  t u n n e l  w h i c h  w a s  l o c a t e d  n e a r  B r i x t o n  f e l l  i n t o  f o u r  
p a r t s :
1 .  o b s e r v a t i o n  o f  t h e  b u i l d i n g  o f  t h e  t r i a l  s e c t i o n  o f  l i n i n g  a n d  
c o m p a r i s o n  w i t h  t h e  l i n i n g  u s e d  f o r  t h e  r e s t  o f  t h e  t u n n e l ;
2 .  m e a s u r e m e n t  o f  t h e  s t r u c t u r a l  p e r f o r m a n c e  o f  o n e  r i n g  o f  e a c h  o f  
t h e  t w o  k i n d s  o f  l i n i n g  d u r i n g  l o a d i n g ;
3 .  s i m i l a r  m e a s u r e m e n t s  a s  t h e  l i n i n g s  w e r e  u n l o a d e d  a n d  d i s m a n t l e d ;
1 ,  e x a m i n a t i o n  o f  t h e  u n l o a d e d  l i n i n g  a n d  c h e c k i n g  z e r o s  o f  g a u g e s .
3 * 1 . 1  S i t e
B r i x t o n  S t a t i o n ,  a t  t h e  s o u t h e r n  e n d  o f  t h e  V i c t o r i a  L i n o ,  c o n s i s t s ,  l i k e  
m o s t  L o n d o n  u n d e r g r o u n d  s t a t i o n s ,  o f  t w o  l a r g e  c i r c u l a r  b o r e d ' t u n n e l s  l i n k e d  
t o  a  c e n t r a l  c o n c o u r s e  b y  c r o s s  p a s s a g e s .  T h e  t r a i n s  l e a v e  t h e  t w o  
s t a t i o n  t u n n e l s  b y  t w o  r u n n i n g  t u n n e l s  e a c h  o f  3 * S  m  ( 1 2  f t  7  i n s )  i n t e r n a l  
d i a m e t e r ;  t h e s e  c o n v e r g e  a n d  e n t e r  a  l a r g e  t u n n e l  h a v i n g  a  h o r i z o n t a l  
i n t e r n a l  d i a m e t e r  o f  9  m  ( 2 9  f t  6  i n s ) .  I n  t h i s  t u n n e l  t h e  p e r m a n e n t  w a y  
i n c l u d e s  a  c r o s s - o v e r  s o  t h a t  t r a i n s  w h i c h  h a v e  a r r i v e d  v i a  t h e  s o u t h b o u n d  
r u n n i n g  t u n n e l  m a y  r e t u r n  v i a  t h e  n o r t h b o u n d  t u n n e l .
T h e  m e t h o d  o f  c o n s t r u c t i n g  t h e  9  m  ( 2 9  f t  6  i n s )  c r o s s - o v e r  t u n n e l  w a s  t o
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F i g . 36 Two kinds of lining in the tunnel. Experimental
S ,G . iron on left.
J>~/4 y O  / S
s h i e l d - d r i v e  t h e  t w o  3 * 8  i n  ( 1 2  f t  7  i n s )  t u n n e l s  v e r y  n e a r  t o  e a c h  o t h e r
a n d  l a t e r  t o  u s e  t h e m  a s  p i l o t  t u n n e l s  w h e n  h a n d  b u i l d i n g  t h e  c r o s s - o v e r
t u n n e l .  F i g u r e  3 2  i s  a  p l a n  o f  t h e  c o m p l e t e d  w o r k .  . A  t h i r d ,  s m a l l e r ,
p i l o t  t u n n e l  w a s  a l s o  u s e d  i n  t h e  u p p e r  p a r t  o f  t h e  9  m  f a c e .  T h e  s e c t i o n
i n  F i g  3 3  s h o w s  t h e  r e l a t i o n  o f  t h e s e  t u n n e l s  a n d  t h e i r  o r d e r  o f  d r i v i n g .  
F i g u r e  3 4  s h o w s  t h e  w o r k . i n  p r o g r e s s .
T h e  l i n e  w a s  e x t e n d e d  t o  B r i x t o n  b e t w e e n  1 9 6 8  a n d  1 9 7 0 .  T h e  r u n n i n g  
t u n n e l s  w e r e  t o  b e  l i n e d  w i t h  e x p a n d e d  c o n c r e t e  r i n g s  b u t  a t  t h i s  s i t e  
‘ 1 2  f t  7  i n s 1 b o l t e d  i r o n  l i n i n g  w a s  s u b s t i t u t e d  b e c a u s e  a  l a y e r  o f  c l a y  
s t o n e s  c a u s e d  t h e  t o p  o f  t h e  t u n n e l  e x c a v a t i o n  t o  o v e r b r e a k .  W h e r e  t h e  
t w o  3 * 8  m  ( 1 2  f t  7  i n s )  t u n n e l s  w e r e  d r i v e n  c l o s e  t o g e t h e r  t h e  i r o n  w a s  
b u i l t  t o  b r e a k  j o i n t ,  b u t  a t  t h e  r e q u e s t  o f  t h e  B u i l d i n g  R e s e a r c h  B t a t i o n  
t h e  s e c t i o n  o f  1 2  f t  7  i n s  i r o n  c o n t a i n i n g  a n  i n s t r u m e n t e d  r i n g  w a s  b u i l t  
‘ c e n t r e  k e y 1 t o  p r o v i d e  a  b e t t e r  c o m p a r i s o n  w i t h  t h e  t w e l v e - s e g m e n t  l i n i n g ,  
s e e  F i g  3 5 *
O b s e r v a t i o n s  w e r e  t o  b e  m a d e  o n  a  s e c t i o n  o f  t u n n e l  i n  b l u e  L o n d o n  C l a y  
w h e r e  t h e  d e p t h  o f  t h e  t u n n e l  a x i s  w a s  2 2  m  ( 7 2  f t )  b e l o w  g r o u n d  l e v e l .
T h e  s h e a r  s t r e n g t h  o f  t h e  c l a y  h e r e  w a s  a b o u t  4 . 8  M i l / m * '  ( 7 0 0 0  l b / i n ' " ) .  T h e  
f a c e  w a s  e x c a v a t e d  u n d e r  t h e  p r o t e c t i o n  o f  a  h o o d e d  G r e a t h e a d  s h i e l d  a n d  
t h e  r i n g s  w e r e  g r o u t e d  o n e  a t  a  t i m e  i m m e d i a t e l y  a f t e r  e r e c t i o n .
3 . 4 o 2  I n s t r u m e n t s
C h a n g e s  i n  d i a m e t e r  o f  a  r i n g  o f  e a c h  k i n d  o f  l i n i n g  w e r e  m e a s u r e d  w i t h  a  
c o m p a r a t o r  c o n s i s t i n g  o f  a  s c r e w  m i c r o m e t e r  s e t  i n  t h e  e n d  o f  a  3 * 8  m  
( ( 1 2  f t  7  i n s )  l o n g  b e a m .  R e a d i n g s  c o u l d  b e  r e p r o d u c e d  t o . i  0 . 0 5  m m  . 
( 0 . 0 0 2  i n . ) •
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S i n c e  t h e  o b j e c t i v e s  o f  S t a n t o n  a n d  S t a v e l e y  a n d  o f  t h e  S t a t i o n  d i d  n o t  
w h o l l y  c o i n c i d e ,  t h e r e  h a d  t o  b e  a  c o m p r o m i s e  i n  t h e  c h o i c e  o f  t h e  p o s i t i o n  
a t  w h i c h  l o c a l  s t r a i n s  w e r e  m e a s u r e d .  A  p o s i t i o n  n e a r  t h e  m i d d l e  o f  t h e  
c i r c u m f e r e n t i a l  f l a n g e s  w a s  c h o s e n  f o r  a l l  s e g m e n t s  b e c a u s e  t h e  m a x i m u m  
t e n s i l e  s t r a i n s  w e r e  e x p e c t e d  h e r e .  T h i s  w o u l d  a l l o w  c l o s e  c o m p a r i s o n  
b e t w e e n  t h e  l i k e l i h o o d  o f  f a i l u r e  i n  t h e  t w o  k i n d s  o f  s e g m e n t .  H o w e v e r ,  
i t  r e s u l t e d  i n  g a u g e s  i n  t h e  t w o  r i n g s  o c c u p y i n g  d i f f e r e n t  a n g u l a r  p o s i t i o n s  
m a k i n g  c o m p a r i s o n  o f  t h e  r i n g  a s  a  w h o l e  l e s s  c e r t a i n .  T h e  i n s e t  s k e t c h e s  
o n  t h e  r e l e v a n t  g r a p h s  ( F i g s  4 - 5  a n d  4 6 )  s h o w  t h e  a c t u a l  a n g u l a r  p o s i t i o n s  
c h o s e n  f o r  p a r t i c u l a r  s e g m e n t s .
T h e  s t r a i n  g a u g e s  w e r e  o f  t h e  v i b r a t i n g - w i r e  t y p e  d e s c r i b e d  i n  T h o m a s  ( 1 9 6 6 )  
a n d  f i t t e d  t o  t h e  f l a n g e s  o f  t h e  s e g m e n t s  a s .  i l l u s t r a t e d  i n  F i g s  3(o a n d  2 5 .  
T h e  g a u g e s  w e r e  i n  p a i r s  s o  t h a t  t h e  r a d i a l  g r a d i e n t  o f  s t r a i n  d u e  t o  
b e n d i n g  i n  t h e  p l a n e  a t  r i g h t  a n g l e s  t o  t h e  t u n n e l  a x i s  c o u l d  b o  o b s e r v e d .  
T h e  l o n g  s e g m e n t s  i n  o r d i n a r y  i r o n  h a d  p a i r s  o f  g a u g e s  o n  b o t h  c i r c u m f e r ­
e n t i a l  f l a n g e s ,  t h e  s h o r t  s e g m e n t s  i n  S G  i r o n  o n l y  h a d  a  p a i r  o n  t h e  
t r a i l i n g  f l a n g e s ,  t h a t  i s  o n  t h e  f l a n g e  a t  t h e  o p p o s i t e  e n d  o f  t h e  r i n g  t o  
t h e  s h i e l d .
V i b r a t i n g - w i r e  g a u g e s  a r e  p a r t i c u l a r l y  w e l l  s u i t e d  t o  l o n g - t e r m  w o r k  i n  
t u n n e l s  b e c a u s e  t h e y  a r e  s t a b l e  ( i f  k e p t  d r y )  a n d  c a n  b e  r e a d  r e m o t e l y .  I f  
t h e  c a b l e  t o  t h e  s u r f a c e  i s  c u t  a n y  a l t e r a t i o n  i n  t h e  e l e c t r i c a l  p r o p e r t i e s  
o f  t h e  c i r c u i t  d u e  t o  t h e  r e p a i r  i s  u n i m p o r t a n t  b e c a u s e  t h e  i n f o r m a t i o n  i s  
t r a n s m i t t e d  a s  a  f r e q u e n c y .  I n  o r d e r  t o  a v o i d  i n d u c t i v e  c o u p l i n g  a n d  
i n t e r f e r e n c e  b e t w e e n  o n e  p a i r  o f  g a u g e  s i g n a l  w i r e s  a n d  a n o t h e r ,  t w o  5 0 - v / a y  
r e m o t e l y  c o n t r o l l e d  s w i t c h e s  ( u n i s e l e c t o r s )  w e r e  s i t u a t e d  i n  t h e  t u n n e l  s o  
t h a t  o n l y  o n e  p a i r  o f  g a u g e  s i g n a l  w i r e s  r a n  a l l  t h e  w a y  t o  t h e  s u r f a c e .
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Fig 3 8 Vibrating-wire strain gauges on the flange of an S. G. iron segment
/S ' S '
T h i s  w a s  c o n t a i n e d  i n  a  s c r e e n e d  6 - c o r e  c a b l e ,  t h e  o t h e r  f o u r  c o n d u c t o r s  
b e i n g  u s e d  t o  l i n k  t h e  h o m e  a n d  r e m o t e  g a u g e  s e l e c t i n g  s w i t c h e s .  T h e  
s e l e c t i n g  m e c h a n i s m s  w e r e  d e s i g n e d  b y  a  c o l l e a g u e ,  M r  J  E  C h e n e y .
T h e  f r e q u e n c i e s  o f  v i b r a t i o n  o f  t h e  g a u g e  w i r e s  w e r e  r e a d  b y  m a t c h i n g  t h e m  
t o  a  v a r i a b l e  o s c i l l a t o r  o f  h i g h  s t a b i l i t y  ( W a r d  a n d  C h e n e y ,  1 9 6 0 ) .  T h e  
e l e c t r i c a l  f r e q u e n c i e s  f r o m  t h e  g a u g e  a n d  t h e  o s c i l l a t o r  a r e  a d d e d  a t  
r i g h t  a n g l e s  b y  a p p l y i n g  t h e m  t o  t h e  t w o  p a i r s  o f  p l a t e s  o f  a  c a t h o d e  r a y  
t u b e .  M a t c h i n g  i s  r e c o g n i s e d  b y  o b s e r v i n g  t h a t  a n  e l l i p s e  h a s  f o r m e d  
( s e e  a l s o  s e c t i o n  o n  E r r o r s  i n  S e c t i o n  3 . 4 • 3 ) .
3 . 4 * 3  S o m e  o b s e r v a t i o n s  o n  b u i l d i n g  t h e  t w o  k i n d s  o f  l i n i n g  
T w e n t y  n i n e  r i n g s  o f  3 * 8 6  m  ( 1 2  f t  8  i n s )  i n t e r n a l  d i a m e t e r  o f  S G  i r o n  
l i n i n g  w e r e  b u i l t .  A  r i n g  c o n s i s t e d  o f  t w e l v e  s e g m e n t s  a n d  a  k e y ,  a n d  
b e c a u s e  i t  c o u l d  n o t  b e  p r o p e r l y  b o l t e d  t o  t h e  l a s t  o r d i n a r y  r i n g  s o m e  
d i f f i c u l t i e s  w e r e  e x p e r i e n c e d  i n  e r e c t i n g  t h e  f i r s t  r i n g .  S u b s e q u e n t  r i n g s  
w e r e  b u i l t  m o r e  e a s i l y .  H o w e v e r ,  b e c a u s e  o f  t h e  g r e a t e r  n u m b e r  o f  j o i n t s  
a n d  t h e  f l e x i b i l i t y  o f  t h e s e  j o i n t s ,  t h e  r i n g s  b u i l t  t o  a  l e s s  c i r c u l a r ’ 
s h a p e  t h a n  t h e  s i x  s e g m e n t  r i n g s .  T h e  s h a p e  f o u n d  o n  d i s m a n t l i n g  i s  
i l l u s t r a t e d  i n  F i g  3 9 .  T h i s  s h o w s  h o w  t h e  l o w e r  t w o  t h i r d s  o f  t h e  r i n g  
f i t s  t h e  i n s i d e  o f  t h e  t a i l  p l a t e  o f  t h e  s h i e l d  v e r y  w e l l .  T h e  d i f f e r e n c e  
i n  c u r v a t u r e  b e t w e e n  t h e  e x t r a d o s  o f  t h e  s e g m e n t s  a n d  t h e  i n s i d e  o f  t h e  
t a i l  p l a t e  i s  s m a l l .  A l s o  t h e  g a p  b e t w e e n  t h e m  i n c r e a s e s  a s  t h e  s q u a r e  o f  
t h e  d i s t a n c e  f r o m  t h e  p o i n t  o f  c o n t a c t ; s o  t h e  g a p  a t  t h e  e n d s  o f  t h e  s h o r t ,  
s e g m e n t s  i s  v e r y  s m a l l  ( 0 . 0 0 6  i n . ) .  T h e  e i g h t  l o w e r  s e g m e n t s  t h e r e f o r e  
b u i l d  a s  2 3 7 f °  o f  a  r i n g  4 * 0 8  m  ( 1 3  f t  4 a  i n s )  d i a m e t e r .  T h e  u p p e r  t h i r d
A n  o s c i l l a t o r - c o m p a r a t o r  u n i t  p u r c h a s e d  f r o m  S o i l  I n s t r u m e n t s  L t d ,  o f  
C o l i n d a l e ,  L o n d o n  E W 9 ,  w a s  u s e d .
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Gap I
2 3 7
Tail of shield  
4 0 7 9  m , 1 3 ft .4 - in .l .D .
Fig*39 Twelve segment ring in tail of shield showing 
distortion of ring by se lf  weight
H  S H  T
t h e n  h a s  t o  b e  b u i l t  a s  a n  a r c h  s p r i n g i n g  f r o m  t h e  s h o u l d e r  j o i n t  f a c e s  
o f  t h e  s e g m e n t s  s u p p o r t e d  b y  t h e  s h i e l d .  T h e s e  f a c e s  a r e  i n c l i n e d  
o u t w a r d s  a t  l | °  m o r e  t h a n  t h e i r  c o r r e c t  a n g l e  a n d  a r e  3 8  m m ' ( l - £ -  i n s )  
f u r t h e r  a p a r t  t h a n  i n  t h e  i d e a l  r i n g .  T h u s  t h e  a r c h  o f  t o p  s e g m e n t s  i s  
e f f e c t i v e l y  p i n  j o i n t e d ,  t h e  b o t t o m  o f  t h e  c a u l k i n g  g r o o v e  a c t i n g  a s  a  
k n i f e  e d g e .  I n  o r d e r  t o  c o v e r  t h e  i n c r e a s e d  s p a n  a  p o s i t i v e  c u r v a t u r e  o f  
9  x  1 0 T 6  m m " * ^  ( 2 . 3  x  1 0 * " ^  i n " * )  i s  i n d u c e d  i n  t h e  t o p  t h i r d  o f  t h e  r i n g ,
a n d  t h e r e  i s  a  c o m p r e s s i o n  o f  a b o u t  1 5  k N  ( 1  * 5  t o n s )  d u e  t o  t h e  s e l f  w e i g h t  
o f  t h e  s e g m e n t s .  T h e  t o p  j o i n t s ,  i n  p o s i t i v e  b e n d i n g  a n d  c o m p r e s s i o n ,  
c a n  b e  b o l t e d  u p  m o r e  s t i f f l y  t h a n  t h e  s h o u l d e r  j o i n t s  s o  t h e  p i v o t s  h e r e  
a r e  m a i n t a i n e d  w h i l e  t h e  r i n g  i s  p u s h e d  b a c k  a n d  b o l t e d  t o  a  s i m i l a r l y  
d i s t o r t e d  p r e v i o u s l y  b u i l t  r i n g .  T h e  V e e  a t  e a c h  s h o u l d e r  j o i n t  b e c o m e s  
f i l l e d  w h e n  t h e  r i n g  i s  g r o u t e d  a n d  t h e  t h i n  t a p e r e d  l a y e r  t h a t  f o r m s  w o u l d  
b e  q u i t e  s t r o n g .  I t  i s  c o n t i n u o u s  w i t h  t h e  m a i n  c o l l a r  o f  g r o u t ; f o r  i t  
t o  b e  c u t  o f f  a n d  c r u s h e d  w o u l d  r e q u i r e  a  s u f f i c i e n t l y  l a r g e  a n g l e  b e t w e e n  
t h e  f a c e s  t h a t  t h e  o u t e r  c o r n e r s  b e c a m e  o p p o s e d  a n d  s h e a r e d  t h r o u g h  i t *  : 
W h e n  t h e  r i n g s  w e r e  d i s m a n t l e d  t h e s e  w e d g e s  o f  g r o u t  w e r e  f o u n d  a d h e r i n g  
t o  t h e  m a c h i n e d  s u r f a c e s  o f  t h e  c r o s s  f l a n g e s .  T h e y  h a d  t a p e r s  o f  u p  t o  
a b o u t  1 ° .
W i t h  t h e  o r d i n a r y  i r o n  l i n i n g  o f  s i x  l o n g  s e g m e n t s  t h e  r i n g  c a n  b e  b u i l t  
t o  a  m u c h  m o r e  t r u e  c i r c l e .  T h e  p a i r  o f  i n v e r t  s e g m e n t s  a r e  l a i d  i n  t h e  
i n v e r t  w i t h  t h e  c e n t r e s  o f  t h e i r  b a c k s  t o u c h i n g  t h e  t a i l  p l a t e ,  a n d  t h e
i n v e r t  j o i n t  t e n d i n g  t o  o p e n  a b o u t  v r ° .  T h e  a x i s  s e g m e n t s  a r e  t h e n  b o l t e d
o n  a n d  t e n d  t o  m o v e  t h e  p o i n t  o f  c o n t a c t  o f  t h e  i n v e r t - a x i s  p a i r  t o  t h e
k n e e  j o i n t ,  s o  t h a t  t h i s  a s s u m e s  i t s  c o r r e c t  a t t i t u d e  o f  3 0 °  a n d  i s  f u l l y
m a t e d .  T h e  i n v e r t  j o i n t  w i l l - h a v e  o p e n e d  a  l i t t l e  m o r e . -  E a c h  a x i s  
s e g m e n t  i s  t h e n  l i k e l y  t o  b e  b o l t e d  u p  i n  i t s  c o r r e c t  a t t i t u d e  a n d  a s  i t  i s  
s t a n d i n g  o n  e n d  c a n  e a s i l y  b e  a d j u s t e d .
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. W h e n  t h e  t o p  s e g m e n t s  a x e  a d d e d  t h e y  a r e  b u i l t  a s  a n  a r c h  f r o m  s k e w - b a c k s  
a t  t h e  c o r r e c t  a t t i t u d e  b u t  s l i g h t l y  s p r e a d *  H o w e v e r ,  a a t h e  b a l t a  i n  t h i n  
l i n i n g  a r e  63*5 m m  ( 2 - g -  i n s )  f r o m  t h e  b a c k  o f  t h e  i r o n ,  t h e  j o i n t s  i n  
p o s i t i v e  b e n d i n g  c a n  b e  m a d e  s t r o n g l y *  H e n c e ,  w h e n  t h e  t o p  s e g m e n t s  a n d  
k e y  a r e  b o l t e d  u p  t h e y  t e n d  t o  p u l l  t h e  a x i s  s e g m e n t s ,  w h i c h  a r e  b a l a n c e d  
o n  e n d ,  t o g e t h e r .
T h u 3 t h e  s l i g h t  d i s t o r t i o n  w h i c h  a r e  l i k e l y  t o  o c c u r  a r e  o p e n i n g  o f  t h e  
i n v e r t  j o i n t  a t  t h e  i n t r a d o s  a n d  o p e n i n g  o f  t h e  n e g a t i v e l y  b e n t  s h o u l d e r  
j o i n t  a t  t h e  e x t r a d o s *  F a i l u r e  t o  b u i l d  a  f u l l y  b u t t - j o i n t e d  r i n g  
r e s u l t s  i n  a  t h r e e  p i n n e d  r i n g  w h i c h  i s  a l s o  a  s t a b l e  s t r u c t u r e .  A l l  t h r e e  
j o i n t s  a r e  l i k e l y  t o  b e  f i l l e d  w i t h  g r o u t  b e c a u s e  g r o u t  i s  o f t e n  s p i l l e d  
i n  t h e  i n v e r t ,  w h e r e  t h e  o p e n i n g  i s  i n s i d e *
T h e s e  d i f f e r e n c e s  b e t w e e n  t h e  w a y  t h e  t w e l v e  a n d  s i x  s e g m e n t  r i n g s  w e r e  
b u i l t  w a s  r e f l e c t e d  i n  t h e  r e s u l t s  o b t a i n e d  l a t e r  f r o m  t h e  s t r a i n  g a u g e s .
N o n e  o f  t h e  S G  i r o n  s e g m e n t s  w e r e  b r o k e n  a l t h o u g h  b r e a k a g e s  o f  t h e  o r d i n a r y  
i r o n  w e r e  q u i t e  f r e q u e n t *  N o  s p e c i a l  c a r e  w a s  t a k e n  w i t h  t h e  h a n d l i n g  o f  
t h e  e x p e r i m e n t a l  s e g m e n t s *  B e c a u s e  t h e r e  w e r e  t w i c e  a s  m a n y  c r o s s  j o i n t s
t h e  m i n e r s  f e l t  a t  f i r s t  t h a t  t h e y  w e r e  l o o s i n g  a  l o t  o f  t i m e  b o l t i n g  t h e
r i n g s  t o g e t h e r *  I n  f a c t ,  f o r  a n  e q u a l  l e n g t h  o f  t u n n e l ,  t h e  S G  i r o n
l i n i n g  h a d  o n l y  1 1  p e r  c e n t  m o r e  b o l t s ,  s e e  t a b l e  b e l o w *
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T A B L E  4 .
N o  o f  
r i n g s
N o  o f  
b o l t s
■ V I  e i g h t
t o n n e s t o n s
3 * 0 5  m  ( 1 0  f t )  l e n g t h  o f  S G  i r o n  
l i n i n g
6 3 2 4 - 9 .9 6 9 * 8 0
3 * 0 5  m  ( 1 0  f t )  l e n g t h  o f  o r d i n a r y  
i r o n  l i n i n g
5 3 6 0 5.34 5 * 2 5
T h e  l i g h t n e s s  o f  t h e  E G  i r o n  s e g m e n t s  w a s  a p p r e c i a t e d  b y  t h e  m i n e r s .  T h e  
s u p e r v i s o r y  s t a f f  r e g a r d e d  i t  a s  a  t h e f t  r i s k *  T h e  c a s t i n g  f l a s h e s  d o  n o t  
r e a d i l y  b r e a k  o f f  t h e  S G  i r o n  c a s t i n g s  a n d  s e v e r a l  m i n e r s  c u t  t h e i r  h a n d s  
w h e n  h a n d l i n g  t h e  s e g m e n t s *
A  t r u e  c o m p a r i s o n  o f  t h e  r a t e s  o f  t u n n e l l i n g  w a s  n o t  r e a l l y  p o s s i b l e  a t  t h e  
s i t e  o n  a c c o u n t  o f  t h e  f o l l o w i n g  f a c t o r s *  T h e r e  w e r e  i r r e g u l a r  d e l a y s  i n  
h a u l a g e  o f  i r o n  a n d  s p o i l  b e c a u s e  t h e  d i s t a n c e  b e t w e e n  t h e  s h a f t  a n d  t h e  
f a c e  h a d  r e a c h e d  a b o u t  6 1 0  m  ( 2 0 0 0  f t ) *  D i f f e r e n c e s  i n  p r o g r e s s  o f  l e s s  
t h a n  o n e  r i n g  p e r  s h a f t  w e r e  n o t  r e v e a l e d  b e c a u s e  t h e  g a n g s  w e r e  p a i d  f o r  
c o m p l e t e d  r i n g s  o n l y *  E a c h  g a n g  h a d  t h e  e x p e r i e n c e  o f  o n l y  2  o r  3  s h i f t s  
w i t h  S G  i r o n ,  w h i c h  i s  i n s u f f i c i e n t  t o  d e v e l o p  a n  o p t i m u m  w o r k i n g  m e t h o d .  
S h i f t s  o f  o n l y  a b o u t  6  t o  6-g h o u r s  d u r a t i o n  w e r e  w o r k e d  b y  t h e  m i n e r s  f o r  
b o t h  k i n d s  o f  l i n i n g *  F o u r  r i n g s  o f  S G  i r o n  w e r e  b u i l t  i n  e v e r y  s h i f t  
g i v i n g  a n  a d v a n c e  o f  2 * 4 .  m  ( 8  f t ) ,  w h e r e a s  t h e  r a t e  o f  p r o g r e s s  f o r  t h e  
o r d i n a r y  i r o n  w a s  5  r i n g s  p e r  s h i f t ,  i e  a n  a d v a n c e  o f  2 * 5 4 -  m  ( 8  f t  4  i n s ) .  
O n e  g r o u t i n g  o p e r a t i o n  a n d  o n e  t i m b e r i n g  o f  t h e  u p p e r  h a l f  o f  t h e  f a c e  
w e r e  s a v e d  i n  e a c h  s h i f t  b y  u s i n g  0*61 r a  ( 2  f t )  l o n g  r i n g s  i n s t e a d  o f  t h e  
n o r m a l  0 * 5 1  m  ( 2 0  i n s )  l o n g  r i n g *
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3 # 4 * 4 -  T h e  e f f e c t  o f  t h e  s h i e l d  t h r u s t  o n  t h e  s e g m e n t  f l a n g e s
I n  a d d i t i o n  t o  h a n d l i n g  a n d  s e r v i c e  s t r e s s e s  t h e  s e g m e n t s  h a v e  t o  w i t h s t a n d  
t h e  t h r u s t  f r o m  t h e  s h i e l d  r a m s  w h e n  t h e  s h i e l d  i s  a d v a n c e d .  I n  t h e  
L o n d o n  C l a y  a t  B r i x t o n  t w o  m e t h o d s  w e r e  u s e d  t o  a d v a n c e  t h e  s h i e l d .  W h e n  
t h e  s e c o n d  3 * 3  m  ( 1 2 - J -  f t )  p i l o t  t u n n e l  f o r  t h e  c r o s s - o v e r  t u n n e l  w a s  d r i v e n  
t h e  h o o d  o f  t h e  s h i e l d  w a s  e m b e d d e d  i n  t h e  f a c e  w h i c h  w a s  t h e n  e x c a v a t e d  
u n d e r  i t s  p r o t e c t i o n .  E l s e w h e r e  a  h o l e  a b o u t  1  f t  l e s s  i n  d i a m e t e r  t h a n  
t h e  r i n g  w a s  e x c a v a t e d  a n d  t h e  w h o l e  c u t t i n g  e d g e  o f  t h e  s h i e l d  w a s  t h e n  
s h o v e d  f o r  t h e  l e n g t h  o f  o n e  r i n g .  T h i s  p a r e d  q u i t e  a  l a r g e  v o l u m e  o f  
c l a y  o f f  t h e  s i d e s  o f  t h e  e x c a v a t i o n  w i t h o u t  t h e  u s e  o f  m a n p o w e r .  T h e  
t o t a l  l o a d  r e q u i r e d  t o  s h o v e  t h e  s h i e l d  b y  t h e  f o r m e r  m e t h o d  w a s  a b o u t  
2 4 9 1  k N  ( 2 5 0  t o n s )  a n d  b y  t h e  o t h e r  a b o u t  1 1 9 6  k N  ( 1 2 0  t o n s ) .  T h i s  l o a d  
w a s  n o t  s p r e a d  b e t w e e n  a l l  t w e l v e  r a m s  b e c a u s e  o f  t h e  n e c e s s i t y  t o  s t e e r  
t h e  s h i e l d .  A l t h o u g h  t h e  h y d r a u l i c  s y s t e m  w a s  c a p a b l e  o f  p r o v i d i n g
O  O
3 1 , 0 0 0  k N / m  ( 4 5 0 0  l b / i n  )  o i l  p r e s s u r e ,  c o r r e s p o n d i n g  t o  5 9 8  k N  ( 6 0  t o n s )  
t h r u s t  p e r  r a m ,  i n  p r a c t i c e  p r e s s u r e  g a u g e  r e a d i n g s  w e r e  u s u a l l y  l i m i t e d  
t o  15,160  k N  ( 2 2 0 0  l b / i n 2 ) .
O n  o n e  o c c a s i o n  i n  t h e  s o u t h b o u n d  d r i v e  s h a f t  n o r t h  o f  F e r n d a l e  R o a d  a  
l o a d  c e l l  w a s  i n s e r t e d  i n t o  a  s p e c i a l l y  m a d e  r a m  s h o e  t o  o b t a i n  a  r e c o r d  
o f  t h e  t h r u s t  e x e r t e d  b y  t h i s  o n e  r a m .  A t  t h i s  t i m e  t h e  s h i e l d  w a s  b e i n g  
s t e e r e d  t o  t h e  l e f t  a n d  a  t e n d e n c y  t o  d i v e  w a s  b e i n g  c o r r e c t e d .  N o n e  o f  
t h e  s i x  u p p e r  r a m s  w e r e  u s e d ;  o f  t h e  l o w e r  r a m s  t h e  r i g h t  h a n d  o n e ' s  w e r e
i n  u s e  ' c o n t i n u a l l y ,  i n c l u d i n g  t h a t  c a r r y i n g  t h e  l o a d  c e l l ,  w h i c h  w a s  c e n t r e d  
o n  a .  p o i n t  7 5  m m  ( 3  i n s )  b e l o w  t h e  k n e e  j o i n t .  A  l o a d  v  t i m e  r e c o r d  f o r  
t h e  * s h o v e 1 f r o m  r i n g  1 6 3 7  i s  s h o w n  i n  F i g  4 0 .  ‘ P r e s s u r e  g a u g e  r e a d i n g s
w e r e  1 2 , 4 4 0  k N / m ?  ( 1 8 0 0  l b / i n ^ ) ,  r i s i n g  s t e a d i l y  t o  1 3 , 7 3 0  k N / m ^  ( 2 0 0 0  l b / i n ^ )
O O
a n d  p e a k i n g  a t  1 5 > 2 0 0  k N / m  ( 2 2 0 0  l b / i n  )  a s  t h e  h o o d  h i t  s o l i d  g r o u n d .
T h e s e  v a l u e s  c o r r e s p o n d  t o  t h e  a r e a  o f  t h e  1 5 0  m m  ( 6  i n s )  d i a m e t e r  r a m s  s o
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t h a t  i f  t h e  p r e s s u r e  g a u g e  w a s  c o r r e c t l y  c a l i b r a t e d  t h e r e  m u s t  h a v e  b e e n
v e r y  l i t t l e  f r i c t i o n  i n  t h e  r a m s .  T h e  s a w  t o o t h  t r a c e  i n  F i g  4 0  i s  d u e
t o  v a r y i n g  l o a d  a s  t h e  s l e d g e  d r a g g e d  b y  t h e  s h i e l d  a l t e r n a t e l y  s t u c k  a n d  
s l i p p e d .
I t  w a s  n o t  o p p o r t u n e  t o  m e a s u r e  l o c a l  s t r a i n s  i n  t h e  n e w l y  b u i l t  r i n g  i n  
t h i s  e x p e r i m e n t ,  b u t  i n  a  l a b o r a t o r y  e x p e r i m e n t  a  u n i f o r m  l o a d  w a s  a p p l i e d  • 
a l o n g  t h e  3  m m  0 / 8  i n . )  h i g h  ‘ c h i p p i n g  f a c e ’  o r  ‘ f i l l e t ’  o f  a n  S G  i r o n  
s e g m e n t *  A  m a x i m u m  c o m p r e s s i v e  s t r e s s  w a s  m e a s u r e d  a t  t h e  c e n t r e  o f  t h e  
s k i n  w h i c h  w a s  1 . 7  t i m e s  t h e  a v e r a g e  s t r e s s  i n  t h e  s k i n .  T h e  c i r c u m f e r e n ­
t i a l  f l a n g e  w a s  n o t  s i g n i f i c a n t l y  a f f e c t e d .
H o w e v e r ,  i n  p r a c t i c e  f l a n g e s  a r e  h i g h l y  s t r e s s e d  a n d  t h e  f l a n g e s  o f  t h e
3 * 8 3  m  ( 1 2  f t  7  i n s )  I D  o r d i n a r y  i r o n  s e g m e n t s  s o m e t i m e s  b r o k e  ( s e e  F i g  4 1 ' )
s o  i t  i s  w o r t h  c o n s i d e r i n g  i f  t h e  d e s i g n  a s s u m p t i o n  i s  v a l i d  t h a t  a l l  t h e  
s h i e l d  t h r u s t  i s  t r a n s m i t t e d  v i a  t h e  f i l l e t  t o  t h e  s k i n .
T h e  s h i e l d s  u s e d  a t  B r i x t o n  f o r  t h e  r u n n i n g  t u n n e l s  w e r e  d e s i g n e d  f o r  u s e  
w i t h  a  c o n c r e t e  l i n i n g  o f  r e c t a n g u l a r  s e c t i o n  0.61  m  (24  i n s )  l o n g  b y  
1 5 0  m m  ( 6  i n s )  r a d i a l  w i d t h .  T h e  t w e l v e  s h o v e  r a m s  a r e  e q u a l l y  s p a c e d  o n  
a  p i t c h  c i r c l e  d i a m e t e r  o f  3 * 7 7  m  ( 1 2  f t  4 i  i n s )  a n d  t h e y  e x t e n d  i n  a  
d i r e c t i o n  p a r a l l e l  t o  t h e  a x i s  o f  t h e  s h i e l d  s k i n  p l a t e .  E a c h  r a m  i s  
1 5 0  m m  ( 6  i n s )  d i a m e t e r  a n d  t h e  e n d  i s  d o m e d  t o  1 5 0  m m  ( 6  i n s )  s p h e r i c a l  
r a d i u s j  t h i s  i s  s e a t e d  i n  a  s o c k e t  w i t h  a  c o n c a v e  b o t t o m  o f  t h e  s a m e  
s p h e r i c a l  r a d i u 3 ( s e e  F i g  4 3 ) *  T h e  d i a m e t r i c a l  c l e a r a n c e  ' b e t w e e n  t h e  4 4  m r a  
(1-V4 i n s )  d e e p  s o c k e t  a n d  t h e  r a m  i s  3  m m  0 / 8  i n . )  w h i c h  l i m i t s  t h e  
a n g u l a r  m o v e m e n t  t o  5 °  f r o m  t h e  c o n c e n t r i c  p o s i t i o n .  T h e  s o c k e t  i s  b o r e d  
i n  a  b o s s  W e l d e d  t o  a  s t i f f ,  r i b b e d  s p r e a d e r  p l a t e ,  t h i s  w h o l e  a s s e m b l y ,  
. ■ w h i c h  t h e  m a n u f a c u r e r s  o f  t h e  s h i e l d  c a l l  a  c r o s s h e a d ,  i s  r e t a i n e d ,  b u t  n o t
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g r i p p e d  o n  t h e  e n d  o f  t h e  r a m  b y  a  s c r e w  p a s s i n g  t h r o u g h  a  l a r g e  c l e a r a n c e  
h o l e  i n  t h e  c r o s s h e a d  t o  a  h o l e  t a p p e d  a x i a l l y  i n  t h e  r a m  e n d .  T o  t h e  
1 c r o s s h e a d 1 i s  b o l t e d  t h e  r a m  s h o e ,  a  b l o c k  o f  t h e  h a r d w o o d  K k k y ,  1 0 0  r n m  
( 4  i n s )  t h i c k $  v i e w e d  f r o m  t h e  r e a r  o f  t h e  s h i e l d  i t  t a k e s  t h e  f o r m  o f  a  
s e g m e n t  o f  r a d i u s  2 . 0 3  m  ( 6  f t  8  i n s )  o f  s a g i t t a  2 0 0  m m  ( 8  i n s )  a n d  a  
c h o r d  l e n g t h  1 . 0 2  m  ( 40^/8  i n s )  s o  t h a t  i t  s u b t e n d s  a n  a n g l e  o f  n e a r l y  3 0 °  
a t  t h e  s h i e l d  c e n t r e .  T h e  i n s i d e  d i a m e t e r  o f  t h e  s h i e l d  t a i l  p l a t e  i s
4 . 1  i n  ( 1 3  I t  4 i n s )  a l l o w i n g  a  c l e a r a n c e  b e t w e e n  i t  a n d  t h e  c y l i n d r i c a l  
o u t s i d e  s u r f a c e  o f  t h e  s h o e  o f  6 * 4  m m  (  / 4  i n . ) .  H o w e v e r ,  t h e  ’ c r o s s h e a d 1 
m a y  r o t a t e  a b o u t  t h e  r a m  a x i s  s o  t h e  s h o e  m a y  t u r n  s l i g h t l y  a n d  t o u c h  t h e  
t a i l  p l a t e  a t  o n e  e n d .
F i g u r e  4 2  s h o w s  a  r a m  s h o e  b e a r i n g  o n  a  t o p  s e g m e n t  o f  3 » S 3  m  ( 1 2  f t  7  i n s )  
l i n i n g .  I f  t h e  f l a t  b e a r i n g  f a c e  o f  t h e  r a m  s h o e  w e r e  p a r a l l e l  t o  t h e  
p l a n e  o f  t h e  l e a d i n g  e d g e  o f  t h e  r i n g  t h e  a r e a  o f  c o n t a c t  w o u l d  b e  t h e  
m i d d l e  3 0 °  o f  t h e  f i l l e t  o f  t h e  s e g m e n t .  T h e  c e n t r o i d  o f  t h i s  a r e a  i s  
3 6  m m  ( 1  * 4  i n s )  f r o m  t h e  e x t r a d o s  o f  t h e  r i n g .  I f  t h i s  w e r e  c o n c e n t r i c  
w i t h  t h e  t a i l  p l a t e  o f  t h e  s h i e l d  t h e  d i s t a n c e  b e t w e e n  t h i s  c e n t r o i d  a n d  
t h e  c e n t r e  l i n e  o f  t h e  r a m  w o u l d  b e  1 2 0  m m  ( 4 * 7  i n s ) .  C l e a r a n c e  b e t w e e n  
t h e  l i n i n g  a n d  t h e  t a i l  p l a t e  a l l o w s  t h i s  d i m e n s i o n  t o  v a r y  b y  -  1 9  m m
i n . ) .  T h i s  l a c k  o f  a l i g n m e n t  b e t w e e n  t h e  l i n e  o f  t h r u s t  o f  t h e  r a m  
a n d  t h e  r e a c t i o n  f r o m  t h e  s e g m e n t  r e s u l t s  i n  a  c o u p l e  w h i c h  t u r n s  t h e  w h o l e  
r a m  s h o e  r a d i a l l y  o u t w a r d  w h e n  t h e  r a m  i s  u s e d .  T h e  f l a t  r e a r  f a c e  o f  t h e  
s h o e  i s  3 1 1  i m a  ( 12V 4  i n s )  f r o m  t h e  c e n t r e  o f ' t h e  s p h e r i c a l  s e a t i n g  s o  t h e  
s h o e  c a n  o n l y  t u r n  t a n ~ ^  6 . 3 3 / 3 1 1  n u n  0 /U  i n / 1 2 ^ / 4  i n s ) ,  a b o u t  1 ° ,  b e f o r e  
i t  t o u c h e s  t h e  t a i l  p l a t e .  T h u s  a  n e w  r a m  s h o e  d o e s  b o a r  o n  t h e  f i l l e t  
a n d  n o t  o n  t h e  f l a n g e .  H o w e v e r ,  t h e  c o u p l e  h a 3  t o  b e  r e s i s t e d  b y  a  f o r c e  
b e t w e e n  t h e  c u r v e d  e d g e  o f  t h e  s h o e  a n d  t h e  t a i l  p l a t e  a n d  a  s i d e w a y s  
c o m p o n e n t  a d d e d  t o  t h e  r a m  t h r u s t .  W h e n  t h e  s h o e  i s  m o v i n g  i t  i s  r u b b i n g
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Fig. 41 Instrumented 12ft. 7in. segment and a piece of
the flange of a similar segment broken by a shield 
ram with a worn shoe
F ig .42 Shove ram thrusting aga inst a top segment 
of 12ft. 7in. lin ing.
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F ig .43 Relation between worn ram shoe and segment (a) 
view from shield showing contact at only four 
points; (b) section (on enlarged scale) showing 
how rotation causes this and how wear allow s 
rotation -
t h e  t a i l  p l a t e  w i t h  a  f o r c e  e q u a l  t o  a b o u t  a  t h i r d  o f  t h e  r a m  t h r u s t .
F i g u r e  4 2  s h o w s  t h e  m a r k s  m a d e  o n  t h e  t a i l  p l a t e  b y  t h i s  r u b b i n g ,  a n d  a l s o  
s h o w s  t h e  g r o u t  s p l a s h e d  o n  t h e  s h i e l d  p r o v i d i n g  a  s o u r c e  o f  a b r a s i v e .
H e n c e  t h e  o u t s i d e  o f  t h e  s h o e  r a p i d l y  w e a r s  f r o m  t h e  r e a r  f o r w a r d ,  u n t i l  
t h e  h a r d e r  s t e e l  c r o s s h e a d  i s  s c r a p i n g  t h e  t a i l ,  w h i c h  i n  t u r n  c a u s e s  b o t h  
t h e s e  c o m p o n e n t s  t o  w e a r .  N o w  t h e  c r o s s h e a d - s h o e  a s s e m b l y  c a n  t u r n  o u t ­
w a r d s  t h r o u g h  a  l a r g e r  a n g l e ,  t a n " * *  £  i n / ( l 2 - j  - 4 ) i n ,  a b o u t  2 °  ( s e e  F i g  4 3 ) *
T h e  f l a t  r e a r  f a c e  o f  t h e  r a m  s h o e  i s  n o  l o n g e r  p a r a l l e l  t o  t h e  p l a n e  o f  
t h e  f i l l e t  a n d  o n l y  t h e  e n d s  o f  t h e  s h o e  t o u c h  t h e  i n s i d e  e d g e  o f  t h e  f i l l e t .  
. T h i s  c u t s  i n t o  t h e  w o o d .  W h e n  t h i s  c u t  e x c e e d s  0 . 8  m m  (  / 3 2  i n . ) ,  t h e  
a n g l e  a d o p t e d  b y  t h e  e x t e r n a l l y  w o r n  s h o e  i s  e n o u g h  t o  b r i n g  t h e  i n n e r  p a r t  
o f  t h e  f l a t  f a c e  i n t o  c o n t a c t  w i t h  t h e  t i p  o f  t h e  f l a n g e  o f  t h e  s e g m e n t  
( s e e  F i g  4 3 ) *  A s  r o t a t i o n  o f  t h e  s h o e  a b o u t  t h e  r a m  c a n  a l l o w  t h e  e n d s  
o f  t h e  s h o e  t o  m o v e  r a d i a l l y  -  6 . 4  n a n  ( -  V - 4  i n . )  a n d  t h e  l i n i n g  c a n  m o v e  
£  1 9  m m  ( -  3 / 4  i n . )  t h e  e n d s  o f  t h e  s h o e s  b e c o m e  v e r y  w o r n .  C o n t a c t  
b e t w e e n  t h e  s h o e  a n d  t h e  s e g m e n t  i s  n o w  a t  f o u r  p o i n t s .  O n  t h e  o r d i n a r y  
s e g m e n t  t h e y  a r e  a t  t h e  q u a r t e r  p o i n t s  o n  t h e  e d g e  o f  t h e  f l a n g e  a n d  f i l l e t .  
T h e  l i n e  o f  t h r u s t  o f  t h e  r a m  i s  2 8  m m  ( l V &  i n . )  -  1 9  n u n  f r o m  t h e  f l a n g e  
t i p  a c c o r d i n g  t o  t h e  p o s i t i o n  o f  t h e  l i n i n g  i n  t h e  t a i l  p l a t e ,  i e  n e a r l y  
a l l  t h e  r a m  t h r u s t  c a n  b e  c o n c e n t r a t e d  a t  t w o  p o i n t s  9 * 5  m m  ( ? / q i n . )  f r o m  
t h e  t i p  o f  t h e  f l a n g e .  T h i s  c a n  r e s u l t  i n  t h e  w h o l e  c e n t r a l  h a l f  o f  t h e  
f l a n g e  b e t w e e n  t h e  q u a r t e r  p o i n t s  b r e a k i n g  o f f  ( s e e  F i g  4 1 ) •
D e f o r m a t i o n  o f  t h e  f l a n g e s  b y  t h e  s h i e l d  r a m  f o r c e s  a f f e c t e d  t h e  s t r a i n  
g a u g e  r e a d i n g s  i n  t h e  l a t e r  m e a s u r e m e n t s .  P l a s t i c  d e f o r m a t i o n  o f  t h e  
o r d i n a r y  i r o n  c a u s e d  c h a n g e s  i n  t h e  s t r a i n  g a u g e  z e r o  r e a d i n g  f r o m  b e f o r e  
t i l l  a f t e r  t h e  e x p e r i m e n t  ( s e e  s e c t i o n  3 * 4 * 8  o n  E r r o r s ) .  T h e  c h a n g e s  i n
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t h e  S G  i r o n  f l a n g e s  w e r e  r e v e r s i b l e  a n d  a p p e a r  a s  s p u r i o u s  i n d i c a t i o n  o f  
c i r c u m f e r e n t i a l  b e n d i n g  .
T h e  c i r c u m f e r e n t i a l  f l a n g e s  a t  t h e  t r a i l i n g  e d g e  o f  t h e  n e w l y  b u i l t  r i n g ,  
a w a y  f r o m  t h e  s h i e l d  r a m s ,  a r e  a l s o  a f f e c t e d  b e c a u s e  o f  t h e  w o o d  p a c k i n g .
T h e  d e s i g n  a s s u m e s  t h a t  6 . 4  m m  0 /U  i n c h )  t h i c k  s o f t  w o o d  p a c k i n g  w i l l  n o t  
b e n d  t h e  f l a n g e s  a n d  t h a t  t h e  t h r u s t  w i l l  b e  t r a n s m i t t e d  t h r o u g h  t h e  f i l l e t s  
t o  t h e  s k i n .  I n  p r a c t i c e  t h i c k  o r  e v e n  d o u b l e  p a c k i n g  i s  o f t e n  u s e d  o n  
t h e  o u t s i d e  o f  a  c u r v e  i n  t h e  t u n n e l  s o  t h a t  a l l  t h e  t h r u s t  i s  b o r n e  b y  
t h e  f l a n g e s .  T h e  c o n d i t i o n  i s  l e s s  s e v e r e  t h a n  a t  t h e  l e a d i n g  e d g e
b e c a u s e  t h e  l o a d  i s  d i s t r i b u t e d  m o r e ,  b o t h  c i r c u m f e r e n t i a l l y  a n d  r a d i a l l y .
H e n c e  t h e  f i l l e t s  a r e  o f  l i t t l e  v a l u e  i n  a v o i d i n g  b e n d i n g  t h e  t r a i l i n g  
f l a n g e s *  I f  t h e  c i r c u m f e r e n t i a l  j o i n t s  w e r e  a l l  s i n g l e  p a c k e d  t h e y  w o u l d /  
e n s u r e  t h a t  t h e  r i n g s  w e r e  b u i l t  p a r a l l e l  t o  o n e  a n o t h e r ;  b u t  s i n c e  a  
t y p i c a l  v a l u e  o f  c r e e p  f o r  a  s t r a i g h t ,  s h i e l d  d r i v e n ,  c a s t  i r o n  r u n n i n g  
t u n n e l  i s  3  m m  0 / 8  i n c h )  p e r  r i n g  i t  i s  e v i d e n t  t h a t  c o r r e c t i o n s  a r e  
r e q u i r e d  a n y w a y  a n d  t h i c k  p a c k i n g  o f t e n  s e p a r a t e s  t h e  s e g m e n t s  i n  t h e  
p r e s e n t  d e s i g n .  I f  t h e  t u n n e l  h a s  t o  b e  c a u l k e d  t h e  f i l l e t  i s  u s e f u l  a s  
a  b o t t o m  s t o p  t o  p a c k  t h e  c a u l k i n g  a g a i n s t ,  b u t ,  b e c a u s e  t h e  c r o s s  j o i n t  
c a u l k i n g  g r o o v e  i s  a t  t h e  f l a n g e  t i p ,  r e q u i r e s  t h e  c o m p l i c a t i o n  o f  a  
’ b l o c k  j o i n t 1 a t  t h e  c o r n e r .
T h e  j o i n t s  i n  t h e  S G  i r o n  r i n g  o f  t w e l v e  s e g m e n t s  o c c u p i e d  t h e  s a m e  a n g u l a r  
p o s i t i o n s  a s  t h e  s h o v e  r a m 3 ,  s o  t h a t  t h e  b e a r i n g  p o i n t s  w e r e  i n  t h e  c e n t r e s  
o f  t h e  l e a d i n g  c i r c u m f e r e n t i a l  f l a n g e s .  T o  a l l o w  f u l l  u s e  o f  t h e  r a m  
s t r o k e  w i t h  t h e  0 . 6 1  m  ( 2  f t )  l o n g  r i n g s  m u c h  t h i n n e r  r a m  s h o e s  w e r e  u s e d .  
T h e s e  h a d  o n l y  a  v e r y  n a r r o w  c y l i n d r i c a l  s u r f a c e  t o  b o a r  o n  t h e  i n s i d e ,  o f
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t h e  s h i e l d  t a i l  p l a t e ,  s o  e v e n  w h e n  t h e y  w e r e  n e w  t h e y  c o u l d  t i l t  a s  t h e  
t h i c k  o n e s  c o u l d  w h e n  t h e y  b e c a m e  w o r n .  T h e  p a r t s  o f  t h e  s h o e  t h a t  w e r e  
t h r o w n  a g a i n s t  t h e  t i p  o f  t h e  s e g m e n t  f l a n g e  w e r e  t h e  p a r t s  n e a r  i t s  e n d s  
w h e r e  t h e r e  w e r e  b o l t s  f o r  a t t a c h i n g  t h e  s h o e  t o  t h e  ’ c r o s s h e a d 1 .  T h e  
n o r m a l  s h o e  h a s  h o l e s  w h i c h  a r e  c o u n t e r  s u n k  t o  r e c e i v e  t h e  b o l t  h e a d s ,  
b u t  t h e  t h i n  s h o e s  h a d  f l a t  d o m e d  b o l t  h e a d s  o n  t h e i r  s u r f a c e s .  T h e  h e a d s  
o f  t h e  b o l t s  l e f t  c l e a r  i n d e n t a t i o n s  n e a r  t h e  t i p s  o f  t h e  S G  i r o n  f l a n g e .  
T h e r e  w a s  n o  s i g n  o f  c r a c k i n g  o f  a n y  o f  t h e  f l a n g e s  d e s p i t e  t h i s  e v i d e n c e  
o f  s e v e r e  l o a d i n g  a t  t h e i r  t i p s *
3 * 4 • 5  M e a s u r e m e n t s  o f  t h e  i n s t r u m e n t e d - r i n g s '  i n  t h e  t u n n e l  -  F i r s t  P a r t  
T h i s  s e c t i o n  r e c o r d s  a n d  i n t e r p r e t s  t h e  m e a s u r e m e n t s  m a d e  i n  t h e  t u n n e l  
f r o m  t h e .  t i m e  w h e n  t h e  i n s t r u m e n t e d  r i n g s  w e r e  b u i l t  u n t i l  a f t e r  t h e  s e c o n d  
3 * 3  m  ( 1 2 - g *  f t )  d i a m e t e r  t u n n e l  h a d  b e e n  d r i v e n  p a s t  t h e m .  T h e  m e a s u r e m e n t s  
a r e  t u n n e l  d i a m e t e r  c h a n g e s  a n d  r e a d i n g s  f r o m  s t r a i n  g a u g e s ;  t h e  l a t t e r  
a r e  i n t e r p r e t e d  f i r s t l y  a s  b e n d i n g  ( c u r v a t u r e )  s t r a i n s  a n d  t h e n  a s  h o o p  
s t r a i n s .
3 . 4 . 5 . 1  D i a m e t e r  c h a n g e s
D i a m e t r i c a l  d e f l e c t i o n s  o f  t h e  r i n g s  w e r e  m e a s u r e d  h o r i z o n t a l l y ,  v e r t i c a l l y  
a n d  t o w a r d s  t h e  e n d  o f  t h e  e x p e r i m e n t ,  o b l i q u e l y .  T h e s e  a r e  p l o t t e d  
a g a i n s t  t i m e  ( F i g  4 4 )  a n d  a r e  a b s t r a c t e d  i n  T a b l e  T h e  p o i n t s  b e t w e e n  
w h i c h  t h e  m e a s u r e m e n t s  w e r e  m a d e  a r e  s h o w n  i n  F i g  3 3 *
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( a )  G r o u t i n g
T h e  h o r i z o n t a l  d i a m e t e r s  o f  b o t h  t h e  s i x - s e g m e n t  r i n g  o f  o r d i n a r y  g r e y  
i r o n  a n d  t h e  t w e l v e  s e g m e n t  r i n g  o f .  S G  i r o n  w e r e  b o t h  m e a s u r e d  i m m e d i a t e l y  
a f t e r  t h e y  w e r e  b u i l t  a n d  w h i l e  t h e y  w e r e . s t i l l  i n  t h e  t a i l  o f  t h e  s h i e l d #  
T h e  n e x t  m e a s u r e m e n t s  w h i c h  w e r e  t a k e n  s e v e r a l  d a y s  l a t e r  s h o w e d  t h e  
h o r i z o n t a l  d i a m e t e r  o f  b o t h  r i n g s  t o  h a v e  d e c r e a s e d .  T h i s  d e f l e c t i o n  i s  
o f  t h e  o p p o s i t e  s e n s e  t o  t h e  u s u a l l y  o b s e r v e d  d i s t o r t i o n  o f  t u n n e l  l i n i n g s  
i n  c l a y ,  a n  i n c r e a s e  i n  h o r i z o n t a l  d i a m e t e r  a n d  d e c r e a s e  i n  v e r t i c a l  d i a ­
m e t e r  c o m m o n l y  k n o w n  a s  1 s q u a t t i n g 1 .  T h e  p r o b a b l e  m e c h a n i s m s  o f  t h i s  
i n i t i a l  c o n t r a r y  m o v e m e n t  a r e  d i s c u s s e d  i n  s e c t i o n  3 » 4 « 7 ,  p a g e  1 9 2 .
T h e  r e a s o n  f o r  t h e  d e l a y  i n  s t a r t i n g  t o  m e a s u r e  h o r i z o n t a l  d i a m e t e r s  i s  
t h a t  m a c h i n e r y  t o w e d  o n  a  P l e d g e 1 b e h i n d  t h e  s h i e l d  w a s  i n  t h e  w a y .  T h e  
s l e d g e  i t s e l f  p r e v e n t e d  v e r t i c a l  d i a m e t e r s  b e i n g  m e a s u r e d  f o r  a b o u t  t w o  
w e e k s .
U n t i l  t h e  g r o u t  h a d  h a r d e n e d  d e f o r m a t i o n  w o u l d  d e p e n d  o n  t h e  s m a l l  s t i f f n e t  
g i v e n  t o  t h e  r i n g  b y  t h e  c r o s s  j o i n t  b o l t s  a n d  t h e  e x t e n t  t o  w h i c h  s u p p o r t  
w a s  g i v e n  b y  e a r l i e r  b u i l t  r i n g s  a r o u n d  w h i c h  t h e  g r o u t  h a d . a l r e a d y  g a i n e d  
s t r e n g t h .  A s  t h e s e  a r e  u n k n o w n  v a r i a b l e s  d e p e n d e n t  u p o n  t h e  t i g h t n e s s  
o f  t h e  b o l t s  a n d  t h e  f r i c t i o n  i n  t h e  c i r c u m f e r e n t i a l  j o i n t s ,  i t  i s  
i m p o s s i b l e  t o  d r a w  a n y  c o n c l u s i o n s  f r o m  t h e  m a g n i t u d e  o f  t h e s e  r e s u l t s .
I t  i s ,  h o w e v e r ,  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h e  c a s e  o f  t h e  o r d i n a r y  i r o n ,  
w h e r e  t h e  c h a n g e  i n  d i a m e t e r  w a s  m e a s u r e d  o n  b o t h  t h e  l e a d i n g  a n d  t r a i l i n g  
e d g e s  o f  t h e  r i n g ,  t h a t  t h e  u n s u p p o r t e d  l e a d i n g  e d g e  s h o w e d  a  g r e a t e r  
c h a n g e  t h a n ' d i d  t h e  t r a i l i n g  e d g e .
( b )  I n i t i a l  s q u a t t i n g
D u r i n g  t h e  f i v e  w e e k s  b e t w e e n  g r o u t i n g  a n d  t h e  p a s s i n g  o f  t h e  s e c o n d  3 * 8  m
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( 1 2 y -  f t )  I D  t u n n e l ,  t h e  h o r i z o n t a l  d i a m e t e r  i n c r e a s e d  a n d  t h e  v o r t i c a l ,  
d i a m e t e r  d e c r e a s e d  f o r  e a c h  o f  t h e  i n s t r u m e n t e d  r i n g s .  T h e  r a t o  o f  c h a n g e  
o f  d i a m e t e r  w a s  g r e a t e s t  a t  t h e  b e g i n n i n g  o f  t h e  p e r i o d  a n d  b e c a m e  
g r a d u a l l y  l e s s *  T h e  t o t a l  c h a n g e s  i n  d i a m e t e r  d u r i n g  t h i s  p e r i o d  w e r e  
a b o u t  t h e  s a m e  f o r  e a c h  o f  t h e  r i n g s *  T h e  r e s u l t s  s h o w  t h a t  t h e  v o r t i c a l ,  
d i a m e t e r  d e c r e a s e d  m o r e  t h a n  t h e  h o r i z o n t a l  d i a m e t e r  i n c r e a s e d  i n  t h e  c a s e  
o f  t h e  o r d i n a r y  i r o n  r i n g *  H o w e v e r ,  t h e  S G  i r o n . r i n g  o f  t w e l v e  s e g m e n t s ,  
w i t h  j o i n t s  a t  a x i s  l e v e l  a s  w e l l  a s  a t  t h e  c r o w n  a n d  i n v e r t ,  d e f l e c t e d  
e q u a l l y  o n  t h e  v e r t i c a l  a n d  h o r i z o n t a l  d i a m e t e r s .
. I f  . . h i n g e s  f o r m ' a t  t h e  c r o s s  j o i n t s  t h e  f o u r - f o l d  s y m m e t r y  o f  t h e  r i n g  o f  
t w e l v e  s e g m e n t s  w o u l d  a l l o w . e q u a l  b u t  o p p o s i t e  d e f l e c t i o n s  a l o n g  t h e  
h o r i z o n t a l  a n d  v e r t i c a l  d i a m e t e r s *  T h e  r i n g  o f  s i x  s e g m e n t s  w i t h  n o  j o i n t  
a t  a x i s  l e v e l ,  b u t  c a p a b l e  o f  h i n g i n g  b o t h  a t  t h e  p o i n t s  o f  m a x i m u m  b e n d i n g  
m o m e n t  o n  t h e  v e r t i c a l  c e n t r e  l i n e  a n d  a t  p o i n t s  b e t w e e n  t h e r e  a n d  t h e  
l i k e l y  p o i n t  o f  i n f l e c t i o n ,  m u s t  d e f l e c t  m o r e  o n  t h e  v e r t i c a l  d i a m e t e r .
I f  t h e  s e g m e n t s  w e r e  i n f i n i t e l y  s t i f f  a n d  t h e  l i n k a g e  w a s  d i s t o r t e d  
m a i n t a i n i n g - s y m m e t r y  a b o u t  t h e  v e r t i c a l  a n d  h o r i z o n t a l  a x e s ,  t h e  r a t i o  o f  
v e r t i c a l  t o  h o r i z o n t a l  d e f l e c t i o n  w o u l d  b e  t a n  j r  o r  \ / ~ 3 *
( c )  O t h e r  3 * 8  m  ( 1 2 - i r  f t )  t u n n e l  p a s s i n g
I t  c a n  b e  s e e n  f r o m  F i g  lUv t h a t  v e r y  l a r g e  c h a n g e s  i n  h o r i z o n t a l  a n d  
v e r t i c a l  d i a m e t e r s  o c c u r r e d  a t  t h e  e n d  o f  J u l y ,  w h e n  t h e  s e c o n d  3 * 8  m  
( 1 2 - g -  f t )  t u n n e l  w a s  d r i v e n  p a s t  t h e  i n s t r u m e n t e d  r i n g s .
T h e  h o r i z o n t a l  d i a m e t e r s  i n c r e a s e d  v e r y  r a p i d l y  d u r i n g  t h e  p e r i o d  f r o m - w h e n  
t h e  f a c e  o f  t h e  p a s s i n g  t u n n e l  w a s  a  t u n n e l  d i a m e t e r  b e f o r e  b e i n g  o p p o s i t e  
e a c h  i n s t r u m e n t e d  r i n g  t o  t h e  t i m e  w h e n  t h e  t a i l  o f  t h e  s h i e l d  w u s  a  t u n n e l . .
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d i a m e t e r  a h e a d  o f  e a c h  r i n g .  A f t e r  t h e  t a i l  o f  t h e  s h i e l d  w a s  a b o u t  a  
d i a m e t e r  a h e a d  o f  e a c h  i n s t r u m e n t e d  r i n g ,  t h e  h o r i z o n t a l  d i a m e t e r  s t i l l  
i n c r e a s e d ,  b u t  a t  a  r e d u c i n g  r a t e ,  f o r  a b o u t  a  w e e k .  I n  c o n t r a s t  t o  t h e  
c a s e  o f  s i m p l e  s q u a t t i n g  t h e  t w o  d i a m e t r i c a l  c h a n g e s  d i f f e r  c o n s i d e r a b l y  i n  . 
t h i s  c a s e ,  t h e  h o r i z o n t a l  c h a n g e  b e i n g  l a r g e  b e c a u s e  s u p p o r t  i s  l o s t  f r o m  
t h e  r i g h t  h a n d  s i d e  o f  t h e  t u n n e l  l o c a l l y  a t  a x i s  l e v e l .  F o r  t h e  m o r e  
f l e x i b l e  t w e l v e  s e g m e n t  r i n g  t h e  h o r i z o n t a l  d i a m e t e r  c h a n g e  w a s  5 3  p o r  c e n t  
g r e a t e r  t h a n  t h e  v e r t i c a l  d i a m e t e r  c h a n g e ,  b u t  i n  t h e  c a s e  o f  t h e  s i x  
s e g m e n t  r i n g  t h e  h o r i z o n t a l  c h a n g e  w a s  o n l y  2 8  p e r  c e n t  g r e a t e r  t h a n  t h e  
v e r t i c a l  c h a n g e .
C o m p a r i n g  o n e  r i n g  w i t h  t h e  o t h e r ,  w e  s e e  t h a t  t h e  d e f o r m a t i o n s  a r e  
n o t i c e a b l y  d i f f e r e n t  b u t  w e r e  n o t  l a r g e  e n o u g h  t o  g i v e  c a u s e  f o r  a l a r m  o v e r  
t h e  s t r u c t u r a l  s t a b i l i t y  o f  e i t h e r  r i n g .  T h e  c h a n g e  i n  h o r i z o n t a l  d i a m e t e r ,  
f o r  t h e  t w e l v e  s e g m e n t  r i n g  w a s  2 5  p e r  c e n t  g r e a t e r  t h a n  t h a t  o f  t h e  s i x  
s e g m e n t  r i n g .  T h e  c h a n g e  i n  t h e  v e r t i c a l  d i a m e t e r  f o r  t h e  t w e l v e -  s e g m e n t  
r i n g  w a s  o n l y  16  p e r  c e n t  g r e a t e r  t h a n  t h a t  o f  t h e  s i x  s e g m e n t s .
(a) S q u a t t i n g  o f  t h e  t v / i n  t u n n e l s
A b o u t  a  w e e k  a f t e r  t h e  3 * 8  m  ( 1 2 " 2  f t )  d r i v e  h a d  p a s s e d  e a c h  i n s t r u m e n t e d  
r i n g ,  f i v e  m o n t h s  f o l l o w o d  d u r i n g  w h i c h  c o m p a r a t i v e l y  l i t t l e  d e f o r m a t i o n  
o c c u r r e d .  E a c h  r i n g  w a s  s t i l l  s q u a t t i n g ,  b u t  w i t h  t h e  v e r t i c a l  d i a m e t e r  
d e c r e a s i n g  a  l o t  m o r e  t h a n  t h e  h o r i z o n t a l  d i a m e t e r  w a s  i n c r e a s i n g .  T h i s  
s u g g e s t s  a  r o u n d i n g  o u t  o f  a n  e g g - s h a p e d  s e c t i o n  a c q u i r e d  w h e n  t h e  s e c o n d  
d r i v e  w a s  m a d e ,  a s  a  m o r e  e q u a l  p r e s s u r e  d i s t r i b u t i o n  r o u n d  t h e  t u n n e l  w a s  
r e - e s t a b l i s h e d .  D e f o r m a t i o n  o f  b o t h  r i n g s  h a d  p r a c t i c a l l y  c e a s e d  b y  t h e  
e n d  o f  t h e  p e r i o d .
1 7 0
T h e  d i a m e t e r ,  c h a n g e s  o f  a  t h i r d  r i n g  w e r e  a l s o  m e a s u r e d .  T h i s  w a s  t h e  
c e n t r e  r i n g  o f  a  r o w  o f  f i v e  S G -  i r o n  r i n g s  w h i c h  h a d  h a d  t h e  s t i f f n e s s  o f  
e v e r y  s e g m e n t  r e d u c e d  ( F i g  3 5 )  •  E a c h  c i r c u m f e r e n t i a l  f l a n g e  h a d  a  c u t  
b e t w e e n  t h e  c e n t r e  b o l t  h o l e  a n d  t h e  t i p  o f  t h e  f l a n g e .  T h u s ,  o v e r  t h e  
i n c h  o r  s o  l e n g t h  o f  t h e  e l o n g a t e d  b o l t  h o l e  t h e  f l e : r u r a l  r i g i d i t y  w a s  
r e d u c e d  t o  a b o u t  o n e  t e n t h  o f  t h a t  o f  t h e  f u l l  s e c t i o n .  T h e  d i a m e t r i c a l  
d i s t o r t i o n s  o f  t h i s  r i n g  w e r e  h a r d l y  d i f f e r e n t  f r o m  t h o s e  o f  t h e  o t h e r  
t w e l v e  s e g m e n t  r i n g .  M e a s u r e m e n t s  a c r o s s  t h e  c u t  w i t h  a  D e m e c  g a u g e  d i d  
n o t  s h o w  a n y  p a r t i c u l a r  t r e n d .  T h i s  d e m o n s t r a t e s ,  q u a l i t a t i v e l y  a t  l e a s t ,  
t h a t  t h e  S G  i r o n  s e g m e n t  h a d  u n n e c e s s a r i l y  h i g h  s t i f f n e s s  a n d  s t r e n g t h .
3 * 4 * 5 * 2  L o c a l  b e n d i n g  s t r a i n s
F r o m  t h e  d i f f e r e n c e  i n  r e a d i n g s  o f  p a i r s  o f  g a u g e s  t h e  r a d i a l  s t r a i n  g r a ­
d i e n t  w e r e  c a l c u l a t e d .  T h e s e  a r e  e x p r e s s e d  a s  c u r v a t u r e ,  a n d  f o r  t h e  
s e g m e n t s  n e a r  t h e  o t h e r  t u n n e l s  ( s e e  F i g  3 3 )  h a v e  b e e n  p l o t t e d  a g a i n s t  t i m e  
i n  F i g s  4 5  a n d  4 6 .  4  t e n d e n c y  f o r  t h e  s e g m e n t  t o  s t r a i g h t e n  i s  p l o t t e d
a s  p o s i t i v e  c u r v a t u r e .
T h e  t w o  t y p e s  o f  s e g m e n t  h a v e  a p p r o x i m a t e l y  t h e  s a m e  m o d u l u s  o f  r i g i d i t y  
E  I  =  8 . 4  x  1 0 5  E m 2  ( 1 . 3  x  1 0 ^  t o n s  i n 2 )  £  3 0  p e r  c e n t .  T h e  v a r i a t i o n  
o c c u r s  f r o m  s e g m e n t  t o  s e g m e n t  b e c a u s e  o f  d i m e n s i o n a l  d i f f e r e n c e s  a n d ,  
p a r t i c u l a r l y  w i t h  a n  S G  i r o n  s e g m e n t ,  t h e r e  i s  v a r i a t i o n  w i t h  t i m e  d u e  t o  
c h a n g e s  i n  s h a p e  o f  i t s  s e c t i o n  w i t h  e a r t h  p r e s s u r e  a n d  b e n d i n g .  B e a r i n g  
t h e s e  l i m i t a t i o n s  i n  m i n d ,  a  r o u g h  i d e a  o f  t h e  b e n d i n g  m o m e n t  a t  a n y  t i m e  
c a n  b e  o b t a i n e d  b y  m u l t i p l y i n g  t h e  c u r v a t u r e  b y  t h i s  v a l u e  o f  E  I .
- ■ 6  — 1  -L  — 1
C u r v a t u r e  c h a n g e s  o f  u p  t o  1 0  x  1 0 "  m m "  ( 2 . 5 4  x  1 0  i n "  )  w e r e  m e a s u r e d .
V a l u e s  o f  t h i s  o r d e r  c o u l d  b e  o b t a i n e d  i n  t h e  l a b o r a t o r y  w h e n  m o m e n t s  o f
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a b o u t  8  k K m  ( 3 2  t o n  i n * )  w e r e  a p p l i e d  t o  a n  u n r e s t r a i n e d  s e g m e n t .  I n  t h e  
S G  i r o n  s e g m e n t s  o n l y , ,  t h e  s a m e  c u r v a t u r e  c o u l d  b e  i n d u c e d  b y  a  u n i f o r m
p p
p r e s s u r e  o f  2 3 0  k N / m  ( 2 . 2 5  t o n s / f t  )  a c t i n g  o n  t h e  s k i n .
B y  m u l t i p l y i n g  t h e  c u r v a t u r e  b y  t h e  p r o d u c t  o f  t h e  Y o u n g 1 s  m o d u l u s  a n d  t h e  
d i s t a n c e  b e t w e e n  t h e  c e n t r o i d  a n d  t h e  t i p  o f  t h e  f l a n g e  a n  a p p r o x i m a t e  v a l u e
o f  t h e  m a x i m u m  s t r e s s  d u e  t o  b e n d i n g  m a y  b e  o b t a i n e d .  T h e  f a c t o r  f o r  t h e
2  2  
o r d i n a r y  g r e y  i r o n  w h e r e  E  i s  8 5  t o  1 0 0  M / m  ( 5 . 5  t o  6 . 5  t o n s / i n  ) ,  a n d
t h e  s t r e s s - s t r a i n  c u r v e  i s  f a r  f r o m  l i n e a r ,  i s  a b o u t  6 . 9  x  1 0 * ^  U / m
( 1 . 7 5  x  1 0 ^  t o n s / i n . )  -  2 0  p e r  c e n t ,  a n d  f o r  t h e  S G  i r o n  s e g m e n t s  w h i c h
h a v e  a  m o r e  c o n s t a n t  E ,  b u t  i n  w h i c h  t h e  p o s i t i o n  o f  t h e  n e u t r a l  a x i s
c h a n g e s  w i t h  c u r v a t u r e ,  i s  a b o u t  1 2 . 6  x  1 0 ^  N / m  ( 3 * 2  x  1 0 ^  t o n s / i n )  £  2 0  p e r
c e n t .  - T h e  t e n s i o n  d u e  t o  b e n d i n g  i n  t h e  o r d i n a r y  i r o n  i s  l a r g e s t  o n
2 2
6  A u g u s t  i n  t h e  t o p  s e g m e n t ,  a p p r o x i m a t e l y  4 - 2  M N / m  ( 2 . 7 5  t o n s / i n  ) .  
S u p e r i m p o s e d  o n  t h i s  s t r e s s  t h e r e  i s  a  c o m p r e s s i v e  h o o p  s t r e s s ,  s e e  b e l o w ,
o  O
w h i c h  r e d u c e s  t h e  t e n s i o n  t o  3 0 . 8  M / m  ( 2  t o n s / i n  ) •
C h a n g e s  i n  c u r v a t u r e  w h i c h  c o r r e s p o n d  t o  p a r t i c u l a r  p e r i o d s  i n  t h e  l i f e  o f  
t h e  t u n n e l  ( e g  t h e  c h a n g e  b e t w e e n  t h e  s t a t e  b e f o r e  t h e  s e c o n d  t u n n e l  w a s  
d r i v e n  a n d  t h e  s t a t e  a f t e r  i t  h a d  p a s s e d )  h a v e  b e e n  p l o t t e d  o n  p o l a r  
d i a g r a m s .  F o r  e a c h  r i n g  e i g h t  p o l a r  d i a g r a m s  h a v e  b e e n  p l o t t e d  a n d  
l a v e l l e d  w i t h  l e t t e r s  a  t o  h .  T h i s  s e c t i o n  ( 3 * 4 - * 5 )  i s  o n l y  c o n c e r n e d  w i t h  
d i a g r a m s  a ,  b ,  c  a n d  d  ( s e e  F i g  4 - 7 ) .
T a b l e  6  l i s t s  t h e  c a u s e  o f  e a c h  c h a n g e  a g a i n s t  t h e  l e t t e r  o f  t h e  d i a g r a m  
a n d  a l s o  g i v e s  t h e  d a t e s  o f  t h e  t w o  m e a s u r e m e n t s  w h i c h  w e r e  s u b t r a c t e d  t o  
g i v e  t h e  c h a n g e .  T h e  d a t e s  a r e  i n d i c a t e d  b y  d a r t s  o n  t h e  c u r v a t u r e - t i m e  
g r a p h s  f o r  e a c h  r i n g  ( F i g s  4 - 6  a n d  4 7 ) .
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T A B L E  6
C h a n g e s  o f  c u r v a t u r e  p l o t t e d  o n  p o l a r  d i a g r a m s  c o m p r i s i n g  F i g  4 7 :  
P e r i o d s  o f  t i m e  d u r i n g  w h i c h  t h e  c h a n g e s  o c c u r r e d  i n  e a c h  r i n g .
D i a g r a m C a u s e  o f  c h a n g e
O r d i n a r y  r i n g  
■ o f  6  s e g m e n t s
1 2  s e g m e n t  r i n g  
S O  i r o n
a E r e c t i o n  a n d  
g r o u t i n g
2 0 - 2 1  J u n e  1 9 6 8 2 1  -  2 3  J u n e  1 9 6 8
b  ; .; I n i t i a l  s q u a t t i n g 2 1  J u n e  1 9 6 8  t o  
2 9  J u l y  1 9 6 8
2 3  J u n e  1 9 6 8  t o  
3 0  J u l y  1 9 6 8
c S e c o n d  3 * 8  m  t u n n e l  
p a s s i n g
2 9  J u l y  1 968  t o  
6  A u g  196 s
3 0  J u l y  1 9 6 8  t o  
7  A u g  1 9 6 8
■ d S q u a t t i n g  t o  t w i n  
t u n n e l s
6  A u g  1968  t o  
2 0  J a n  1 9 6 9
7  A u g  1 9 6 8  t o  
2 0  J a n  1 9 6 9
e A p p r o a c h  o f  9  n i  
t u n n e l
2 0  J a n  1 9 6 9  t o  
1 8  F e b  1 9 6 9
2 0  J a n  1 9 6 9  t o  
1  M a r  1 9 6 9
f 2 , 2  m  p i l o t  t u n n e l  
p a s s i n g
1 1  -  1 7  F e b  1 9 6 9 2 1 - 2 8  F e b  1 969
g 9  m  f a c e  n e a r 1 8  F e b  1 9 6 9  t o  
3  M a r  1 9 6 9
1  -  1 3  M a r  1 9 6 9
h D i s m a n t l i n g 3  M a r c h  1 9 6 9 1 3 - 1 4 .  M a r c h  1 9 6 9
- ............................. .....  . /
O n  t h e  p o l a r  d i a g r a m s  c u r v a t u r e  c o r r e s p o n d i n g  t o  a  t e n d e n c y  f o r  t h e  s e g m e n t  
t o  s t r a i g h t e n  ( p o s i t i v e  c u r v a t u r e )  i s  p l o t t e d  t o w a r d s  t h e  c e n t r e .  T h e  
a n g u l a r  p o s i t i o n s  o f  t h e  p o i n t s  c o r r e s p o n d  t o  t h e  p o s i t i o n s  o f  t h e  p a i r s  o f  
s t r a i n  g a u g e s  r o u n d  e a c h  r i n g .  T h e  s m a l l  p l a n s  i n  t h e  f i g u r e  s h o w  t h a t  
s t a t e  o f  t h e  t u n n e l  w o r k  a t  t h e  e n d  o f  o n e  p e r i o d  a n d  t h e  b e g i n n i n g  o f  t h e  
n e : c t  ( i e  o n  t h e  d a t e s  l i s t e d  i n  T a b l e  6 ) .
T h e  p o i n t s  i n  t h e  p o l a r  d i a g r a m s  h a v e  b e e n  j o i n e d  w i t h  a  s m o o t h  d a s h e d  l i n e  
i n  o r d e r  t o  e d u c e  t h e  b e n d i n g  p a t t e r n .  O n c e  t h e  h o o p  s t r e s s  h a s  b u i l t  u p ,
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F ig .4 7  Bending distribution around the rings. P o s itiv e  changes of c u rv a tu re  (tendi 
the  segm ent) a re  p lo tted  ra d ia lly  inw ards. The le t te r s  r e f e r  to  the pe rio d s 
changes o c c u rre d : th e se  a re  lis te d  in T able  6. The p lans ind ica te  the state 
the dates given in T able  6 and shown on the c u rv a tu re  v tim e  g raphs.
r a d i a l  g r a d i e n t s  o f  s t r a i n  c a n  o c c u r  a n y w h e r e  i n  t h e  s e g m e n t  e v e n  n e a r  t h e  
c r o s s  j o i n t s .  H e n c e  t h e  d a s h e d  l i n e  g i v e s  a  f a i r  a p p r o x i m a t e t i o n  t o  t h e  
d i s t r i b u t i o n  o f  c u r v a t u r e  c h a n g e  a r o u n d  t h e  r i n g ,  e x c e p t  a c t u a l l y  a t  t h e  
j o i n t s .  T h e  c u r v e s  m a k e  i t  p o s s i b l e  t o  c o m p a r e  p a t t e r n s  f r o m  t h e  t w o  t y p e s  
o f  r i n g  a l t h o u g h  t h e  a n g u l a r  p o s i t i o n s  o f  t h e  g a u g e s  w e r e  d i f f e r e n t .
( a )  E r e c t i o n  a n d  g r o u t i n g
D u r i n g  a n d  s o o n  a f t e r  t h e  e r e c t i o n  o f  t h e  i n s t r u m e n t e d  r i n g s  l a r g e  c h a n g e s  
w e r e  r e c o r d e d  f r o m  t h e  g a u g e s  o n  n e a r l y  a l l  o f  t h e  s e g m e n t s .  E a c h  r i n g  
w a s  b u i l t  b y  l a y i n g  t h e  i n v e r t  s e g m e n t s  i n  t h e  l o w e r  p a r t  o f  t h e  s h i e l d  t a i l  
a n d  t h e n  b u i l d i n g  t h e  u p p e r  p a r t  o f  t h e  r i n g  o n  t h e m  a s  a n  a r c h ,  a n d  t h e n  
b o l t i n g  t h e  w h o l e  r i n g  t o  t h e  p r e v i o u s  r i n g .  T h u s  t h e  s t r a i n s  i n  t h e  
e r e c t i o n  s t a g e  d e p e n d  v e r y  l a r g e l y  o n  t h e  a t t i t u d e  o f  t h e  s h i e l d  a t  t h e  t i m e  
a n d  t h e  m a n n e r  i n  w h i c h  t h e  s h i e l d  r a m s  w e r e  u s e d .  A f t e r  a  r i n g  h a s  b e e n  
b u i l t  t h e  s h i e l d  i s  a d v a n c e d  a n d  s t e e r e d  b y  a n  u n e v e n  d i s t r i b u t i o n  o f  l o a d s  
f r o m  t h e  s h i e l d  r a r . i s .  A s  w e  h a v e  s e e n  t h e s e  l o a d s  m a y  b e  h i g h  e n o u g h  t o  
i n d u c e  p l a s t i c  y i e l d  o r  e v e n  f a i l u r e  o f  t h e  l e a d i n g  f l a n g e s .  T h e  b o l t i n g  
s t r e s s e s  i n  t h e  t r a i l i n g  f l a n g e  a r e  r e l e a s e d  a n d  p e r h a p s  r e v e r s e d  a s  t h e  
w o o d  p a c k i n g  i s  c o m p r e s s e d .  O n l y  a f t e r  t h e  r i n g  h a s  b e e n  g r o u t e d  i n t o  
t h e  g r o u n d  a n d  a  s e c o n d  s h o v e  h a s  b e e n  c o m p l e t e d  o n ' t h e .  n e x t - r i n g  d o e s  i t  
b e h a v e  i n  a  c o n s i s t e n t  f a s h i o n .  T h e r e f o r e ,  t h e  c h a n g e  f r o m  l a b o r a t o r y  z e r o  
u n t i l  a f t e r  a  f e w  r i n g s  h a d  b e e n  b u i l t  h a s  b e e n  c o n s i d e r e d  t o g e t h e r  ( p e r i o d  a )  
a n d  n e x t  p e r i o d  ( b )  s t a r t e d  f r o m  t h e  l a t t e r  t i m e .
N o  l i n e  h a s  b e e n  d r a w n  i n  d i a g r a m  ’ a ’  b e c a u s e  t h e y  d o  n o t  r e s u l t  f r o m  t r u e  
c i r c u m f e r e n t i a l  b e n d i n g ,  s e e  ( a )  a b o v e  a n d  p a g e  1 7 5 .
I n  t h e  d i a g r a m s  f o r  t h e  o r d i n a r y  i r o n  r i n g ,  w h i c h  h a s  g a u g e s  o n  b o t h  
c i r c u m f e r e n t i a l  f l a n g e s ,  a n  a v e r a g e  v a l u e  o f  c u r v a t u r e  h a s  b e e n  p l o t t e d ,  
e x c e p t  w e r e  t h e  v a l u e s  d i f f e r e d  m a r k e d l y .
174.
I n  t h e . o r d i n a r y  i r o n  r i n g  o n l y  t h e  p a i r  o f  g a u g e s  o n  t h e  t r a i l i n g  o r . r e a r ­
m o s t  c i r c u m f e r e n t i a l  f l a n g e  o f  t h e  r i g h t  h a n d  a x i s  l e v e l  s e g m e n t  s h o w e d  
n e g a t i v e  b e n d i n g  ( p o i n t  m a r k e d  ‘ T ‘  o n  t h e  p o l a r  d i a g r a m  ’ a *  o f  f i g  4 - 7 ) .
A 1 1  o t h e r  p a i r s  s h o w e d  p o s i t i v e  b e n d i n g  a n d  i n  e v e r y  c a s e  t h i s  w a s  s o m e ­
w h a t  g r e a t e r  f o r  t h e  l e a d i n g  f l a n g e  t h a n  t h e  t r a i l i n g  f l a n g e .  I n  t h e
o r d i n a r y  s e g m e n t s  t h e r e  w a s  a  s h i e l d  r a m  s h o e  p r e s s i n g  o n  t h e  c e n t r e  q u a r t e r  
o f  e a c h  l e a d i n g  f l a n g e *  T h u s  i t  i s  f a i r l y  c e r t a i n  t h a t  t h e  s t r a i n  g a u g e  
c h a n g e s  h e r e  w e r e  n o t  c a u s e d  b y  e x t e r n a l  f o r c e s  b e n d i n g  t h e .  s e g m e n t s  
c i r c u m f e r e n t i a l 3 . y ,  b u t  w e r e  d u e  t o  b e n d i n g  t h e  f l a n g e s  a b o u t  t h e i r  r o o t s .
T h e  t i j " )  o f  t h e  f l a n g e  i s  p u s h e d  t o w a r d s  t h e  o t h e r  c i r c u m f e r e n t i a l  f l a n g e  
a t  i t s  m i d d l e  b u t  n o t  a t  i t s  e n d s  w h i c h  a r e  s u p p o r t e d  b y  t h e  c r o s s  f l a n g e s .  
T h e  v i b r a t i n g - w i r e  s t r a i n  g a u g e  o n  t h e  i n s i d e  s u r f a c e  o f  t h e  f l a n g e  n e a r  
t h e  t i p  t h u s  r e c o r d s  a  t e n s i o n  w h e r e a s  t h e  s t r a i n  g a u g e  n e a r  t h e  r o o t  i s  
l i t t l e  a f f e c t e d .  T h e r e f o r e  n o  l i n e  h a s  b e e n  d r a w n - t h r o u g h '  t h e  p o i n t s  
i n  p o l a r  d i a g r a m  1 a 1 o f  F i g  4 - 7 *
I n  t h e  3 G  i r o n  r i n g  t h e r e  w e r e  n o  g a u g e s  o n  t h e  l e a d i n g  e d g e s  o f  t h e  
s e g m e n t s ,  b u t  d o u b l e  p a c k i n g  w a s  u s e d  w h i c h  c o u l d  c a u s e  a p p a r e n t  p o s i t i v e  
b e n d i n g  o f  t h e  i n s t r u m e n t e d  t r a i l i n g  e d g e s ,  t h i s  o c c u r r e d  i n  n i n e  o f  t h e  
t w e l v e  s e g m e n t s .
( b )  I n i t i a l  s q u a t t i n g
F o r  t h e  n e x t  f i v e  w e e k s  e a c h  r i n g  w a s  ‘ s q u a t t i n g 1 a s  i s  u s u a l  w i t h  s i n g l e ,  
d e e p  t u n n e l s  i n  L o n d o n  C l a y *  H o w e v e r ,  d i a g r a m s  ‘ b 1 o f  F i g  4 - 7  s h o w  t h a t  
i n  n e i t h e r  r i n g  w a s  t h e  p a t t e r n  o f  b e n d i n g  i n  t h e  s e g m e n t s  b i l a t e r a l l y  
s y m m e t r i c a l .  H o w e v e r ,  i f  a  s m o o t h  l i n e  i s  d r a w n  t h r o u g h  t h e  p o i n t s  i n
T h e  g a u g e  c a b l e  t o  t h e  r i g h t  h a n d  s e g m e n t  w a s  c u t . a t  t h i s  t i m e  a n d  w a s  
i n a c c e s s i b l e  s o  t h i s  p o i n t  i s  o m i t t e d .
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t h e  l e f t  h a n d  d i a g r a m  i t  t a k e s  t h e  f o r m  o f  a i l  e l l i p s e ,  t h e  m i n o r  a x i s  o f  
w h i c h  i s  t i l t e d  1 5 °  t o  t h e  r i g h t  o f  v e r t i c a l .  I t s  a x e s  i n t e r s e c t  a t  a  
p o i n t  e q u i v a l e n t  t o  3 . 8  m m  ( 1 . 5  i n s )  i n  f u l l - s c a l e  a b o v e  t h e  c e n t r e  o f  t h e  
t u n n e l *  I f  a n  a t t e m p t  i s  m a d e  t o  c o n s t r u c t  a  s i m i l a r  t i l t e d  e l l i p s e  
t l i r o u g h  t h e  p o i n t s  i n  t h e  r i g h t  h a n d  d i a g r a m  t h e  r e s u l t i n g  f i g u r e  a p p e a r s  t o  b e  
d i s t o r t e d  i n  a  w a y  t h a t  a t  f i r s t  s i g h t  s u g g e s t s  t h a t  t h e  s i x - s e g m e n t  r i n g s  
( l V 3  d i a m e t e r  a w a y )  a r e  i n f l u e n c i n g  t h e  t w e l v e - s e g m e n t  r i n g s ,  H o w e v e r ,  
t h e  p a t t e r n  i s  a l s o  c o n s i s t e n t  w i t h  t h e  d i s p o s i t i o n  o f  t h o s e  c r o s s  j o i n t s  
w h i c h ,  d u e  t o  t h e  m e t h o d  o f  e r e c t i o n  o f  t h e  r i n g , ' a c t  a s  h i n g e s ,  d u r i n g  
t h e  v e r y  e a r l y  l i f e  o f  t h e  t u n n e l ,  s e e  s e c t i o n  3 * 4 * 3 >  p a g e  1 6 0  a n d  F i g  3 9 *  
D u r i n g  t h i s  p e r i o d  t h e  c u r v a t u r e s  d e v e l o p e d  i n  t h e  s h o r t  3 G  i r o n  s e g m e n t s  
w e r e  l a r g e r  t h a n  t h o s e  i n  t h e  l o n g  o r d i n a r y  i r o n  o n e s *  T h e  s e g m e n t  a b o v e  l e f t  
h a n d  a x i s  l e v e l  d e v e l o p e d  a  c u r v a t u r e  o f  1 , 5  x  1 C T ^  m m " ^  ( 0 . 3 B  x  1 i r f ^  ) ;  
h a l f  o f  t h i s  c h a n g e  o c c u r r e d  b e t w e e n  1 7  a n d  1 9  J u l y .  I n t e r p r e t a t i o n  o f  
t h e  s t r a i n  g a u g e  r e a d i n g s  a s  h o o p  l o a d  ( s e e  l a t e r )  s h o w s  t h a t ,  d u r i n g  t h e  
f i v e  w e e k s  p e r i o d  r e p r e s e n t e d  b y  d i a g r a m s  ’ b 1 ,  t h e  s o i l  p r e s s u r e  h a d
O Q
i n c r e a s e d  b y  1 6 0 * 9 5  k N / m ' '  ( 1  •  5  t o n s / f t  ) .  T h i s  w o u l d  i t s e l f  h a v e  p r o d u c e d  
a d d i t i o n a l  n e g a t i v e  b e n d i n g  i n  t h e  6 G  i r o n  s e g m e n t s  ( a s  d e s c r i b e d  i n  
s e c t i o n  3 * 3 * 4 ) •  B e c a u s e  t h e  e d g e s  o f  t h e  s e g m e n t s  a r e  i n  c o n t a c t  w i t h
o t h e r  s e g m e n t s ,  t h i s  k i n d  o f  c h a n g e  c o u l d  o c c u r  s u d d e n l y  -  i n  t h e  m a n n e r
o f  t h e  ‘ o i l - c a n  e f f e c t 1 •
A l t h o u g h  t h e  b e d d i n g  o f  t h e  L o n d o n  C l a y  w a s  q u i t e  h o r i z o n t a l  i t  i s  p o s s i b l e  
t h a t  a  s t r e s s  f i e l d  e x i s t e d  i n  t h o  c l a y  b e f o r e  w h i c h  i n t e r s e c t e d  t h e  t u n n e l  
t o  g i v e  a  d i s t r i b u t i o n  o f  p r e s s u r e s  o n  t h e  r i n g  c o m p a t i b l e  w i t h  t h e  b e n d i n g
p a t t e r n  s h o w n  i n  t h e  l e f t  h a n d  d i a g r a m  ' b 1 o f  F i g  4 7 .
F r o m  F i g s  4 5  a n d  46  i t  c a n  b e  s e e n  t h a t  i n  g e n e r a l  t h o  i n c r e a s e  i n  
c u r v a t u r e  w i t h  t i m e  o v e r  t h e  f i v e  w e e k 3  w a s  l i n e a r .  T h e  o n l y  s e g m e n t  t o
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c h a n g e  i n  a  c u r v e  l i k e  t h e  d i a m e t e r  v  t i m e  c u r v e  l a  t h o  r i g h t  h a n d  a x i s  
l e v e l  s e g m e n t  o f  t h e  s i x - s e g m e n t  r i n g  o f  o r d i n a r y  i r o n  ( l ? i g  4 - 5 ,  i i ) .  T h e  
s u d d e n  d i s p l a c e m e n t  f r o m  t h e  c u r v e  o n  8  t o  1 0  J u l y  m a y  b e  d u e  t o  t h e  
i n s t a l l a t i o n  o f  s t r u t s  i n  n e a r b y  r i n g s  a s  a  p r e c a u t i o n  a g a i n s t  i r o n  b r e a k i n g  
a s  t h e  o t h e r  t u n n e l  w a s  d r i v e n  p a s t #
( c )  O t h e r  3 * 8  m  ( l 2 - £ -  f t )  t u n n e l  p a s s i n g
T h e  v e r y  l a r g e  c h a n g e s  t o  b o t h  r i n g s  a t  t h e  e n d  o f  J u l y  ( F i g s  4 5  a n d  4 6 )  
w e r e  c a u s e d  w h e n  t h e  c l a y  a t  t h e  r i g h t  h a n d  s i d e  o f  t h e  t u n n e l  m o v e d  t o w a r d s  
t h e  e x c a v a t i o n  t h a t  w a s  b e i n g  m a d e  f o r  t h e  o t h e r  t u n n e l .  M o s t  o f  t h e  
m o v e m e n t  o c c u r r e d  o v e r  t w o  d a y s  i n  e a c h  c a s e .  S t r a i n  g a u g e  c h a n g e s  ( t o  
i  1 m i c r o  s t r a i n )  w e r e  f i r s t  o b s e r v e d  o n  t h e  r i g h t  h a n d  a x i s  l e v e l  s e g m e n t  
o f  t h e  o r d i n a r y  i r o n  r i n g ,  7 * 1  m  ( 2 0  f t )  f r o m  t h e  a p p r o a c h i n g  f a c e ;  b u t  
h o r i z o n t a l  d i a m e t e r  m e a s u r e m e n t s  t o  0 . 0 5 1  m m  ( 0 . 0 0 2  i n . )  w e r e  n o t  r e c o r d e d  
u n t i l  t h e  f a c e  w a s  4  m  ( 1 3  f t )  a w a y .  I l a d i o l  m o v e m e n t s  i n  t h e  c l a y  w e r e  
f i r s t  d e t e c t a b l e  6  m  ( 1 6  f t )  a h e a d  o f  a  s i m i l a r  a p p r o a c h i n g  f a c e  ( s e e  
C h a p t e r  4 - )  •  T h u s  t h e  d e f o r m a t i o n  w a s  c a r r i e d  f o r w a r d  t h r o e  r i n g s  b y  t h e  
f r i c t i o n  b e t w e e n  t h e i r  c i r c u m f e r e n t i a l  j o i n t s  a n d  t h e  v / o o d  p a c k i n g  c o m ­
p r e s s e d  b e t w e e n  t h e m .
I n  b o t h  c a s e s  t h e  r a t e  o f  b e n d i n g  i n c r e a s e d  u n t i l  t h e  c u t t i n g  e d g e  o f  t h e  
s h i e l d  w a s  o p p o s i t e  t h e  i n s t r u m e n t e d  r i n g .  T h e  c h a n g e s  i n  t h e  g a u g e s  o n  
t h e  r i g h t  h a n d  s i d e  o f  t h e  r i n g s ,  n e x t  t o  t h e  o t h e r  t u n n e l ,  w e r e  f a r  g r e a t e r  
t h a n  o n  t h e  o t h e r  s i d e ,  r e a c h i n g  a  m a x i m u m  r a t e  a s  t h e  t a i l  o f  t h e  s h i e l d '  
p a s s e d  t h e  i n s t r u m e n t e d  r i n g .  B y  t h e  t i m e  t h e  t a i l  w a s  a  t u n n e l  d i a m e t e r  
a w a y  c h a n g e s  w e r e  n o  l o n g e r  t a l c i n g  o n l y  h o u r s  a n d  e a c h  r i n g  a p p e a r e d  t o  
h a v e  s e t t l e d  d o w n  a l t h o u g h  t h e  s i x - s e g m e n t  r i n g  t o o k  a b o u t  s i x  h o u r s  l o n g e r  
t o  d o  s o  t h a n  t h e  o t h e r  o n e .  H o w e v e r >  a s  F i g s  4 5  a n d  46  s h o w  b e n d i n g  o f
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t h e - s a m e '  s e n s e  c o n t i n u e d  a t  a  r e d u c i n g  r a t e  f o r  a t  l e a s t  a n o t h e r  f i v e  d a y s .  
■ D i a g r a m s  i c 1 o f  F i g  4 - 7  t h e r e f o r e  c o v e r  t h e  c h a n g e  i n  c u r v a t u r e  o f  e a c h  s e g ­
m e n t  o v e r  8  d a y s .  T h e  b e n d i n g  p a t t e r n s  i n  b o t h  r i n g s  o r e  a p p r o x i m a t e l y  s y m ­
m e t r i c a l  a b o u t  a  h o r i z o n t a l  p l a n e  . t h r o u g h  t h e  a x e s  o f  t h e  t u n n e l s .  T h o  
g r e a t e s t  c h a n g e  o f  c u r v a t u r e  o c c u r r e d  a t  t h e  p o i n t  w h i c h  i s  n e a r e s t  t o  t h e  
o t h e r  t u n n e l .  T h e r e  w e r e  t w o  p a i r s  o f  s t r a i n  g a u g e s  h e r e  o n  t h e  s i x - s e g m e n t
r i n g  a n d  b o t h  o f  t h e m  i n d i c a t e d  a  n e g a t i v e  c h a n g e  i n  c u r v a t u r e  o f  8 . 8  x  1 0  ^
"1 ) ~ . ■*!
m m * "  ( 2 . 2 3  x  1 0  i n "  ) •  S u b s e q u e n t  c h a n g e  w a s  i n  t h e  s a m e  s e n s e  s o  t h a t  b y
( d  1  L *1
6  A u g u s t  a  t o t a l  c h a n g e  h a d  o c c u r r e d  o f  9 * 2  x  1 0 * "  m m * "  ■ ■ ( 2 . 4 . 0  x  1  0 * "  ^  i n  ) ;
t h e r e a f t e r  t h e  c u r v a t u r e  r e d u c e d  h e r e .  T h e r e  w a s  n o  g a u g e  o n  t h e  t w e l v e -
s e g m e n t  r i n g  a t  t h i s  p o i n t . o f  m a x i m u m  c u r v a t u r e ,  b u t  t h e  g a u g e  p a i r s  1 0 °
a b o v e  a n d  2 0 °  b e l o w  t h e  a x i s  l e v e l  s h o w e d  q u i t e  l a r g e  n e g a t i v e  c h a n g e s  o f
c u r v a t u r e s  8 . 1  a n d  6 * 8  x  1 0 r ^  m m * " |  ( 2 . 0 5  a n d  1  . 7 3  x  1 0 * " ^  i n * " ^  )  r e s p e c t i v e l y .
T h e  b e n d i n g  t h a t  i s  s h o w n  b y  d i a g r a m  1 c 1 n e a r  t h e  r i g h t  h a n d  a x i s  l e v e l  j o i n t  
d o e s  n o t  m e a n  t h a t  n o  h i n g e  f o r m e d  h e r e .  ( S e e  s e c t i o n  3 . 3 . 5 ,  p a g e  1 t 2 . )
T h o  p o s i t i v e  c h a n g e s  o f  c u r v a t u r e  i n  d i a g r a m  1 c 1 o f  F i g  4 - 7  a r c  4 - * 8  x  1  
m m * " ^  ( 1 . 2  x  1 0 * " 4  i n * " ^  )  f o r  t h e  t o p  s e g m e n t  a n d  3 * 5  x  1 0 ~ ^  m m * " ^  ( 0 . 9  x  1 0  A
__-i . ■ ' a ■
i n  )  f o r  t h e  i n v e r t  s e g m e n t  o f  t h e  r i g h t  h a n d ;  s i d e  o f  t h e  o r d i n a r y  i r o n
r i n g  o f  s i x  s e g m e n t s *  A s  i n  t h e  c a s e  o f  t h e  a x i s  s e g m e n t  t h e s e  c h a n g e s  a r c
i n  t h e  s a m e  s e n s e  a s  t h e  i n i t i a l  s q u a t  a n d  t h e  t e n s i l e  s t r e s s e s  a t  t h e  t i p s
o f  t h e  f l a n g e s  d u e  t o  b e n d i n g ,  r e a c h e d  o n  t h e  6  A u g u s t ,  w e r e  m a x i m a .
H o w e v e r ,  i n  e a c h  c a s e  t h e y  o n l y  t o t a l  a b o u t  a  q u a r t e r  o f  t h e  u l t i m a t e
s t r e n g t h ,  a n d  t h e y  a r e  p r o b a b l y  n u l l i f i e d  b y  t h e  l o c k e d  u p  c a s t i n g  s t r e s s
a n d  t h e  h o o p  s t r e s s .  T h e  v a l u e s  f o r  t h e  n e a r e s t  c o r r e s p o n d i n g  g a u g e  p a r r s
- 6 '  - 1
i n  t h e  S G  i r o n  r i n g  a r e  l i t t l e  d i f f e r e n t ,  4 - * 4 -  a n d  3 . 2  x  1 0 "  m m  ( 1  . 1  a n d  
—L — 1  ■
0 . 8  x  1 0 * "  *■ i n * "  ) •  T h u s  a s  i n  t h e  c a s e  o f  t h e  i n i t i a l  s q u a t t i n g  t h e  t w o
1 7 8
k i n d s  o f  s e g m e n t  w h i c h  h a v e  s i m i l a r  s t i f f n e s s e s ,  b u t  a  t w o  t o  o n e  l e n g t h  
r a t i o ,  w e r e  b e n t  a b o u t  t h e  s a m e  a m o u n t  a t  t h e i r  c e n t r e s .
T h e  c u r v a t u r e  m e a s u r e d  a t  t h i s  t i m e  w e r e  t h e  p e a k  . v a l u e 3  o b t a i n e d  f r o m  t h e  
g a u g e s  o n  t h e  o r d i n a r y  s e g m e n t s  . w h e r e a s  i n  t h e  s h o r t  8 G  i r o n  s e g m e n t s  l a r g e r  
v a l u e s  w e r e  r e c o r d e d  l a t e r  w h e n  t h e  2 . 2  m  p i l o t  t u n n e l  w a s  d r i v e n  ( s e e  F i g s  
4 - 5  a n d  4 - 6 ) .  A  r o u g h  c a l c u l a t i o n  c a n  b e  m a d e  o f  s t r e s s  a t  t h e  e x t r e m i t y  
o f  t h e  s e c t i o n .  A l l o w i n g  f o r  t h e  h o o p  s t r e s s ,  t h e  t e n s i l e  s t r e s s  a t  t h e  
t i p  o f  t h e  w o r s t  s t r e s s e d  f l a n g e s  w a s  a b o u t  1 3  p e r  c e n t  o f  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  i n  t h e  o r d i n a r y  i r o n ,  a n d  a b o u t  16  p e r  c e n t  o f  t h e  u l t i m a t e  
t e n s i l e  s t r e n g t h  i n  t h e  S G  i r o n .
T h e  m a i n  d i f f e r e n c e  b e t w e e n  t h e  p a t t e r n s  o f  b e n d i n g  i n  t h e  t w o  d i a g r a m s  1 c 1
o f  F i g  4 - V  i s  t h a t  t h e  s i x - s e g m e n t  r i n g  h a s  b e e n  a f f e c t e d  o n  i t s  l e f t  h a n d
s i d e  a s  w e l l  a s  o n  i t s  r i g h t  h a n d  s i d e  a d j a c e n t  t o  t h e  o t h e r  t u n n e l .  I t
a p p e a r s  t h a t  t h e  l o n g e r  s e g m e n t s  s p r e a d  t h e  e f f e c t s  r o u n d  t h e  r i n g  m o r e .
(d *1
T h e  t w e l v e - s e g m e n t  r i n g  h a d  d e v e l o p e d  n e g a t i v e  c u r v a t u r e  o f  0 . 8  x  1 0 * "  m m .  
( 0 . 2  x  1 0 ^  i n * ^ )  o n  i t s  l e f t  h a n d  a i d e * .  H o w e v e r ,  t h o  a v e r a g e  o u r t h ' p r o a t i u i ’ o
2  o
c h a n g e d  b y  2lv k h / m  ( 3 * 5  l b / i n ' 1' )  b e t w e e n  2 9  J u l y  a n d  6  A u g u s t .  T h e s e  c h a n g e s  
a c c o r d  f a i r l y  w e l l  w i t h - t h e ’- ' r e l a t i o n  b e t v / e e n  p r e s s u r e  a n d  b e n d i n g  f o u n d  i n  
t h e  l a b o r a t o r y  a n d  s h o w n  i n  F i g  2 7 .  H e n c e  i t  i s  d e d u c e d  t h a t  t h e  b e n d i n g  
o f  t h e  s e g m e n t s  o n  t h e  l e f t  h a n d  s i d e  o f  t h e  t w e l v e - s e g m e n t  r i n g  w a s '  n o t  
c a u s e d  b y  m o m e n t s  t r a n s m i t t e d  f r o m  o t h e r  s e g m e n t s  o r  b y  a  c h a n g e  i n  t h e  
d i s t r i b u t i o n  o f  e a r t h  p r e s s u r e  011 t h e  r i n g ,  b u t  m e r e l y  b y  t h e  c h a n g e  i n  
v a l u e  o f  a  f a i r l y  u n i f o r m  p r e s s u r e .
( d )  G q u a t t i n g  o f  t h e  p a i r  o f  t w i n  t u n n e l s
T h e  c h a n g e  d u r i n g  t h e  p e r i o d  a f t e r  t h e  3 * 8  111 ( 1 2 - y *  f t )  d r i v e  h a d  p a s s e d  t h e
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instrumented rings and before the 2.2 m (7 f t )  tunnel approached them i s  
due not only to  the squatting of the  observed tunnel but a lso  to  the presence 
of the other one; th is  transm its the earth  pressure on most of i t s  
circumference to  the c en tra l spandril of clay between them. ■ This in  tu rn  
re s to re s  the more even d is tr ib u tio n  of pressure o rig in a lly  acting  on the 
f i r s t  tunnel.
One would expect th is  process to  s ta r t  immediately the grout i s  as strong 
as the clay  -  say a f te r  one day; but Figs 45 and 46 show th a t  deformation 
of the f i r s t  tunnel i s  not reversed u n t i l  a week a f te r  the  second drive has 
passed. A l ik e ly  explanation i s  th a t  the  second tunnel, l ik e  the f i r s t ,  
deformed by increasing i t s  v e r tic a l diameter and decreasing i t s  v e r t ic a l  
diameter ( 1peaking1) during the f i r s t  week.
When the second tunnel does s ta r t  to  squat, pressure i s  exerted which tends 
to  bend the segments of the r ig h t  hand side of the f i r s t  tunnel back to  
the curvature they had before the second d riv e . About a th ird  of the 
curvature imparted to  the segments when the second tunnel was driven i s  
lo s t  in  th is  way. There was much le s s  recovery in  the lower quadrants of 
the tunne l. Perhaps th is  i s  because the in v e rt of the  tunnel u su a lly  
contained water which allowed the lower p a rt of the d isturbed c lay  to  swell 
rea d ily  as and a f te r  the  other tunnel was passing.
3©4*5*3 Hoop s tre ss
Hoop s tre s s  v time, curves have- been prepared from the s tra in  gauge data  
and are shown in  Fig 48© The average s tre s s  across the section  has been 
calcu lated  from each p a ir  of gauges on a segment flange, and these  r e s u l ts  
have been averaged to  give the average hoop s tre s s  values used. The
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r e s u l t s  f o r  i n d i v i d u a l  f l a n g e s  v a r i e d  c o n s i d e r a b l y ,  s o m e t i m e s  b e i n g  c o m ­
p r e s s i v e  i n  o n e  f l a n g e  o f  a  s e g m e n t  a n d  t e n s i l e  i n  t h o  o t h e r #  d o m e  p o i n t s  
r e p r e s e n t  t h e  a v e r a g e  o f  l e s s  t h a n  t h e  f u l l  n u m b e r  o f  g a u g e  p a i r  r e s u l t s  
d u e  t o  t e m p o r a r y  f a i l u r e  o f  s o m e  g a u g e s .  B e c a u s e  o f  t h i s ,  a n d  t h e  f a c t  
t h a t  t h e  3 0  i r o n  h a d  f l a n g e  g a u g e s  o n  t h e  t r a i l i n g  e d g e  o n l y ,  a n d  a l s o  
b e c a u s e  o f  s t r u c t u r a l  i n s t a b i l i t y  o f  t h e  S G  i r o n  s e g m e n t s ,  t h e  c u r v e  f o r  
t h e  o r d i n a r y  i r o n  r i n g  i s  l i k e l y  t o  g i v e  a  t r u e r  p i c t u r e #
f i g u r e  - 4 8  s h o w 3 t h a t  t h e  c u r v e  f o r  t h e  t w o  i n s t r u m e n t e d  r i n g s  a r e  s i m i l a r  
i n  s h a p e  b u t  s i n c e  t h e  o r d i n a r y  i r o n  l i n i n g  i s  a b o u t  t w i c e  a s  t h i c k  a s  t h e  
S G  i r o n  l i n i n g  t h e  s t r e s s  i s  a b o u t  h a l f  a s  m u c h  a t  t h e  c o r r e s p o n d i n g  t i m e s .  
T h e  l e n g t h s  o f  t h e  r i n g s  a r e  a l s o  d i f f e r e n t  s o  t h a t  i n  o r d e r  t o  m a k e  a  
d i r e c t  c o m p a r i s o n  i t  i s  n e c e s s a r y  t o  e x p r e s s  t h e  r e s u l t s  i n  p r e s s u r e .  T h i s  
h a s  b e e n  d o n e  i n  T a b l e  7 #  T h e  v a l u e s  f o r  t h e  d i s m a n t l e d  r i n g  d o  n o t  q u i t e ;  
a g r e e  w i t h  t h e  i n i t i a l  z e r o s #  T h i s  e r r o r  h a s  b e e n  c o n s i d e r e d  a s  d u e  t o  a  
c o n s t a n t  d r i f t  i n  e a c h  c a s e  a n d  d i s t r i b u t e d  p r o p o r t i o n a l l y  t o  t h e  t i m e  
s i n c e  i n s t a l l a t i o n  t o  g i v e  t h e  ’ c o r r e c t e d  p r e s s u r e s ’  i n  c o l u m n s  I V  a n d  V I I .  
T h e  p e r c e n t a g e  b y  w h i c h  t h o  r e s u l t s  f r o m  3 G  i r o n  r i n g  e x c e e d s  t h o s e  f r o m  
t h e  o r d i n a r y  r i n g  h a s  t h e n  b e e n  o b t a i n e d  f r o m  t h e s e  f i g u r e s  ( c o l u m n  V I I I ) .  
M o s t l y  t h e  p r e s s u r e s  t h u s  o b t a i n e d  f r o m  t h e  t w o  r i n g s  a g r e e  q u i t e  w e l l ;  
t h e  l a r g e s t  d i f f e r e n c e  i s  ~ 4 * 5  p e r  c e n t ,  a t  t h e  e n d  o f  J u l y  a n d  t h i s  i s  
a s s o c i a t e d  w i t h  g a u g e  f a i l u r e s  i n  t h e  i n v e r t  o f  t h e  o r d i n a r y  i r o n  r i n g .
W i t h  T a b l e  7  a n d  t h e  l i m i t a t i o n s  o f  t h e ,  i n s t r u m e n t a t i o n  i n  m i n d  i t  i s  n o w  
p o s s i b l e  t o  s u m m a r i s e  t h e  b e h a v i o u r  o f  t h e  t w o  r i n g s  a s  s h o w n  i n  F i g  7 + 8 .
T h e  f i r s t  p a r t s  o f  t h e  c u r v e  w o u l d  b e  s m o o t h  h a d  n o t  s o m e  g a u g e s  t e m p o r a r i l y  
f a i l e d ;  s o  i t  a p p e a r s  t h a t ,  u p  t o  t h e  t i m e  t h e  s e c o n d  t u n n e l  v / a s  d r i v e n ,  
b o t h  r i n g s  b e h a v e d  n o r m a l l y .  H o w e v e r ,  t h e  t h r u s t  i n d i c a t e d  f o r  t h e
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ordinary iron  ring  appears somewhat high and i s  probably due to  gauge 
fa i lu re s  between 16 and 27 July* The change th a t  occurred when the second 
3*8 m (12|- f t )  ID tunnel was driven past the  instrumented rin g s was about 
a th ird  le s s  in  the ordinary iro n  ring  than in  the SG iron  one* By 
21 August the changes have balanced out and both rin g s were ind ica ting  the 
same p ressu re . The small bumps in  the curves close to  the time the second 
drive passed are r e a l  measurements since a l l  the  gauges were working a t 
th is  tim e.
During the 150 days before January 20th when the  f i r s t  e ffe c ts  of the  9»0 m 
(29 f t  6 in s) ID tunnel occur there  i s  an increase in  C orrec ted  pressure*
p p p
of 5*4- kN/m (0*05 to n s /f t  ) fo r the ordinary iron  rin g  and 6*4-3 kIT/m 
2(0.06 to n s / f t  ) fo r the SG iron  r in g . These fig u res  rep resen t a very small 
ra te  of increase in  p ressure , bearing in  mind th a t  a t the s ta r t  of the 
period the tunnel was only two months old and th a t  only 45 per cent of the 
overburden value had been reached*
3*4*5.4 Conclusions drawn from f i r s t  measurements of instrumented rings 
At th is  stage i t  was already possible to  conclude the following from the 
experimental work:
A tunnel of 3.8 m (12-|- f t )  in te rn a l diameter had been driven in  
London Clay a t  a depth of 22 m (72 f t )  with i t s  edge one s ix th  of 
i t s  diameter from another tunnel of sim ilar size and a t  the same 
lev e l without damage to  the f i r s t  tu n n e l.
I t  was not necessary to  *break jo in t*  the lin in g  of the f i r s t  
tunnel. In th is  tunnel lin in g  of s ix  segments and a key and of 
twelve segments and a key, both with continuous lo n g itu d in a l jo in ts ,
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behaved in  a su b s tan tia lly  sim ilar manner.
D isto rtion  of the  experimental twelve-segment, SG iro n  rin g  was 
about 4*0 per cent g rea ter than th a t of the normal six-segment ring  
or ordinary grey iro n . This i s  qu ite  acceptable and sa fe .
Nearly a l l  the disturbances of the  s ix  week old f i r s t  tunnel 
occurred over th a t  length  which was between one tunnel diameter 
ahead and one diameter behind the  face of the second tu n n el. The 
hoop th ru s t in  the f i r s t  tunnel was increased by about 10 per cent 
of the f u l l  overburden acting h y d ro sta tica lly .
3«4*»6 Measurement of instrumented rin g s in  the tunnel -  l a s t  p a rt 
Some months a f te r  the p a ir  of tv/in 3-8 m (12-g- f t )  tunnels had been completed 
a * break up1 was made from them; th a t i s  segments were removed from one of 
the small tunnels and a cav ity  constructed outside them by hand mining and 
tim bering. When the cav ity  was large  enough two rings of 9 m (29 f t  6 in s) 
bolted iron  lin in g  were erected in  i t  and grouted. This was a long way 
from the instrumented rings and did not a ffe c t them. A face was driven 
towards the instrumented rings as shown in  Fig 34-» A 2.2 (7 f t )  ID p i lo t  
tunnel was driven ahead of the main face fo r a d istance of 11.3 m (36 f t  
9 in s) or 22 r in g s . I t  occupied the upper p a rt of the main face and made 
i t  e as ie r to  contro l and also  spread out the work force so th a t  i t  could 
work more e f f ic ie n tly .
The instrumented rings were by now in  a s ta te  of near equilibrium  with the 
clay surrounding them, and the s tra in  gauges were g iv in g 'v ir tu a lly  
unchanging readings. Perhaps they could be regarded as load c e l ls
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s i t u a t e d  i n  t h e  g r o u n d  a h e a d  o f  t h e  a d v a n c i n g  9  m  (29  f t  6  i n s )  f a c e  -  
a  v e r y  d e s i r a b l e  p i e c e  o f  i n s t r u m e n t a t i o n #  I f  t h e  e f f e c t s  o f  t h e  2 , 2  m  
( 7  f t )  p i l o t  t u n n e l  c o u l d  b e  s e p a r a t e d  f r o m  t h o s e  o f  t h e  m a i n  f a c e  s o m e ­
t h i n g  n e w  m i g h t  b e  l e a r n e d .
The 9 m (29 f t  6 in s) tunnel was .built by hand, without a sh ie ld  or segment 
erecting  gear (see Fig 34). Consequently progress was much slower than 
with the 3*8 m (12|- f t )  tunnels and the e ffe c ts  of excavation on the 
instrumented rings are spread over quite  a la rge  p a rt of the  deformation v 
time graphs (Figs 44> 45 and 46 ). Although the 2.2 m (7 f t )  face was 
advanced a t  the same speed, i t  only caused marked changes fo r a few m etres, 
and the time in  which these happened was only a few days.
3 .4 .6 .1  Diameter measurement
In order to  measure the maximum deformation due to  the passing o f the 2.2 m
(7 f t )  ID tunnel and to  iso la te  i t s  influence from th a t  of the  9 m (29|* f t )
cross-over tunnel, we also  measured the oblique diameters which, when 
produced, passed through the centre of the  2.2 m (7 f t )  ID tunnel (see 
Fig 33).
T h e  2 . 2  m  ( 7  f t )  I D  t u n n e l ,  l o c a t e d  3 0 °  t o  t h e  r i g h t  o f  t h e  c r o w n  o f  t h e  
3 . 8  m  ( 1 2 | -  f t )  t u n n e l ,  s t a n d s  i n  t h e  s a m e  a n g u l a r  r e l a t i o n  t o  t h e  r i g h t  
t o p  o r d i n a r y  i r o n  s e g m e n t  a s  t h e  s e c o n d  3 * 8  m  ( 1 2 - ? ; -  f t )  I D  t u n n e l  s t o o d  
w i t h  r e s p e c t  t o  t h e  r i g h t  h a n d  a x i s  l e v e l  s e g m e n t .  T h e r e  i s  a  s i m i l a r ,  
c o r r e s p o n d e n c e  w i t h  t h e  p o s i t i o n s  o f  t h e  j o i n t s  i n  t h e  S G  i r o n  r i n g .
Due to  the small tunnel passing 0.9 m (3 f t )  away the increase in  the
oblique diameter of the ordinary iron  ring  was 2.1 nm (0.085 in . )  and th a t
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o f  t h o  S G  i r o n  r i n g - w a s  2 . 5  m m  ( 0 . 1 0 0  i n * ) ;  i n  e a c h  c a s e  t h i s  w a s  a b o u t  
a  q u a r t e r  o f  t h e  a m o u n t  b y  w h i c h  t h e  h o r i z o n t a l  d i a m e t e r  i n c r e a s e d  w h e n  
t h e  s e c o n d  3 * 8  m  ( 1 2 > t  f t )  I D  t u n n e l  w a s  d r i v e n  ( T a b l e  5,  p a g e  1  6 6 / 1 6 7 ) •
T h e  d e f o r m a t i o n  w a s  l o c a l  a n d  h a d  l i t t l e  e f f e c t  o n  t h e  v e r t i c a l  d i a m e t e r s .  
T h e  c r o w n  o f  t h e  o r d i n a r y  i r o n  r i n g  m i g h t  h a v e  b e e n  e x p e c t e d  t o  m o v e  
o b l i q u e l y  w i t h  t h e  c e n t r e  o f  t h e  t o p  s e g m e n t ,  b u t  i n  f a c t  m o s t  o f  t h o  
d e f o r m a t i o n  m u s t  h a v e  o c c u r r e d  a s  b e n d i n g  o f  t h e  t o p  s e g m e n t  b e c a u s e  t h e  
v e r t i c a l  d i a m e t e r  o f  t h e  o r d i n a r y  i r o n  r i n g  o n l y  i n c r e a s e d  0 . 1  m m  ( 0 . 0 0 4 -  
i n . ) *  T h e  d e c r e a s e  i n  h o r i z o n t a l  d i a m e t e r  v ; a s  0 . 5  m m  ( 0 . 0 1 9  i n . ) .  T h e  
S G  i r o n g  r i n g  w i t h  m o r e  f r e e d o m  d u e  t o  i t s  t w e l v e  j o i n t s  d e c r e a s e d  i n  b o t h  
o r t h o g o n a l  d i a m e t e r s :  0 * 3  m m  ( 0 . 0 1 2  i n * . )  v e r t i c a l l y  a n d  0 . 7  m m  ( 0 . 0 3 0  i n . )
h o r i z o n t a l l y *  .
A l m o s t  a l l  t h e  c h a n g e s  i n  t h e  o b l i q u e  d i a m e t e r  o f  e a c h  o b s e r v e d  r i n g  
o c c u r r e d  w h e n  t h e  2 * 2  m  ( 7  f t )  d i a m e t e r , , f a c e  w a s  v e r y  c l o s e  t o  t h e  r i n g ,
b e t w e e n  2 . 2  m  ( 7  f t )  b e f o r e  i t  a n d  2 . 2  ( 7  f t )  a f t e r  i t .  H o w e v e r ,  t h e
f i r s t  m o v e m e n t s  d u e  t o  t h e  m a i n  f a c e  h a d  o c c u r r e d  m u c h  e a r l i e r .  I n  t h e  
c a s e  o f  t h e  o r d i n a r y  i r o n  r i n g  t h e  v e r t i c a l  d i a m e t e r  b e g a n  t o  i n c r e a s e  s o o n  
a f t e r  2 0  J a n u a r y .  A t  t h i s  d a t e  t h e  h o r i z o n t a l  d i a m e t e r  w a s  n o t  c h a n g i n g .  
T h e  m a i n  f a c e  w a s  a b o u t  2 7  m  ( 9 0  f t )  a w a y ,  e q u a l  t o  t h e  d i s t a n c e  f r o m  t h e  
m a i n  t u n n e l  i n v e r t  t o  t h e  s u r f a c e .  A  s i m i l a r  r e v e r s a l  o f  s q u a t t i n g  t y p e  
o f  d e f o r m a t i o n  o c c u r r e d  i n  t h e  S G  i r o n  r i n g  b u t  t h e  c h a n g e  f r o m  d e c r e a s e  
t o  i n c r e a s e  i n  v e r t i c a l  d i a m e t e r  i s  l e s s  d e f i n i t e  t h o u g h  i t  p r o b a b l y  
o c c u r r e d  w h e n  t h e  f a c e  w a s  f u r t h e r  a w a y .  F i g u r e  7 * 4 -  a l s o  3 h o w s  o n l y  v o r y  
f l a t  p e a k s  i n  t h e  c u r v e s  f o r  t h e  h o r i z o n t a l  d i a m e t e r s  o f  b o t h  r i n g s .
F o r  e a c h  r i n g  t h e  h o r i z o n t a l  d i a m e t e r  v  t i m e  c u r v e  s t e e p e n s  m a r k e d l y  w h e n
t h e  m a i n  f a c e  w a s  o n e  a n d  a  h a l f  d i a m e t e r s  a w a y  o n  7  a n d  2 1  F e b r u a r y  a n d
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the 2 .2  m (7 f t )  3D p i lo t  tunnel had not ye t arrived# However, the 
v e r t ic a l  diameter curves steepen on 17 and 28 February when the main face 
was ju s t  one diameter away and the 2.2 m (7 f t )  face was about 2 .2  m (7 f t )  
past each observed r in g . From the above dates u n t i l  the l a s t  reading was 
taken each diameter changes about 2.5 mm (0.1 i n . ) .  The l a s t  reading was 
taken with the  previous 3*8 m (12|- f t )  ID ring  s t i l l  erected and the working 
platform  protruding in to  i t .  Since d iffe re n t gangs worked in  d iffe re n t 
ways the readings are not s t r i c t ly  comparable. The unmeasured movement a t  
the very l a s t  stage may have been considerable because the muck was u sua lly  
removed from above the  3*8 m-(l2j- f t )  3D lin in g  before i t  was taken from 
the sides and underneath. .
3.4*6.2 S tra in  gauge measurements
( i)  As the  9 m (29 f t  6 in s) tunnel was approaching
Three po lar diagrams e, f  and g have been drawn in  Fig 47 fo r  each ring  to  
i l l u s t r a te  changes of curvature th a t occurred w hilst the 9 m (29 f t  6 in s) 
tunnel was being b u i l t .  The dates of the readings chosen to  give the 
d ifferences p lo tted  fo r !e* and 1 g 1 are somewhat a rb itra ry ; they are marked 
on the time graphs in  Figs. 45* 46 and 48 fo r the sake of completeness. 
However, the dates marking period ’f 1 (included in  the time covered by , e t ) 
delim it the period when very d e fin ite  changes due to  the 2 .2  m (7 f t )  
tunnel were superimposed on those due to  the  appraching 9 m (29 f t  6 in s) 
face . The most s tr ik in g  features of the  da ta  co llec ted  a t  th is  time are 
th a t the hoop s tre ss  v time curves (Fig 48), both have double peaks; a lso  
the two increases in  hoop s tre s s  were not accompanied by squatting  of the  
tunnel. Indeed the reverse movement (peaking) had s ta rte d  in  both rin g s  
before the f in a l  increase in  hoop s tre ss  began.
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T h i s  s u g g e s t s  t h a t  t h e  h o r i z o n t a l  s t r e s s  i n  t h e  g r o u n d  a h e a d  o f  t h o  9  m  
(29  f t  6  i n s )  f a c e  w a s  i n c r e a s i n g  f o r  a  w h i l e  b e f o r e  t h e  f i n a l  r e d u c t i o n  
i n  v e r t i c a l  s t r e s s  a t  t h e  v e r y  e n d  o f  t h e  m e a s u r e m e n t s *  T h e  o t h e r  d a t a  
a r e  c o n s i s t e n t  w i t h  t h i s  h y p o t h e s i s .
T h e  f i r s t  i n c r e a s e  i n  h o o p  s t r e s s  b e g a n  s h o r t l y  a f t e r  2 0  J a n u a r y  w h e n  t h o  
9 m  (29  f t  6 i n s )  f a c e  w a s  a b o u t  2 7  m  (90  f t )  a w a y  a n d  w a s  t h e  f i r s t  
i n d i c a t i o n  o f  i t s  a p p r o a c h .  T h e  t r o u g h  b e t w e e n  t h e  t w o  p e a k s  i n  e a c h  o f  
t h e  h o o p  s t r e s s  v  t i m e  c u r v e s  r e p r e s e n t s  a  t e m p o r a r y  r e l i e f  o f  g r o u n d  
p r e s s u r e  d u e  t o  t h e  e x c a v a t i o n  o f  t h e  2 . 2  m  ( 7  f t )  t u n n e l .  T h i s  b e g a n  
w h e n  i t s  f a c e  w a s  2 .2  m  (7  f t ) ,  o r  o n e  p i l o t  t u n n e l  d i a m e t e r ,  a w a y  f r o m  
e a c h  o f  t h e  o b s e r v e d  r i n g s .  T h e  m a i n  f a c e  w a s  1 3 * 5  m  ( i v r  m a i n  t u n n e l  
d i a m e t e r s )  a w a y .  I n  t h e  s i x - s e g m e n t  r i n g ,  t h e  t o p  s e g m e n t ,  w h i c h  w a s  
a d j a c e n t  t o  t h e  2 .2  m  t u n n e l ,  b e n t  n e g a t i v e l y  i e  i t s  c e n t r e  m o v e d  o u t w a r d s  
a s  t h e  g r o u n d  y i e l d e d  t o w a r d s  t h e  a p p r o a c h i n g  2 .2  m  ( 7  f t )  f a c e .
A f t e r  t h e  f a c e  h a d  p a s s e d  t h o  s i x - s e g m e n t  r i n g ,  a n d  a  f e w  2 . 2  m  ( 7  f t )  
r i n g s  h a d  b e e n  b u i l t  a n d  g r o u t e d ,  t h e  i n s t r u m e n t e d  t o p  s e g m e n t  w a s  b e n t  
t h e  o p p o s i t e  w a y  e v e n  t h o u g h  t h e  t u n n e l r w a s  p e a k i n g ,  n o t  s q u a t t i n g .  A l s o  
t h e  h o o p  s t r e s s  w a s  i n c r e a s i n g  a g a i n .  T h e  t o p  s e g m e n t  w a s  n o w  n o  l o n g e r  
o p p o s i t e  y i e l d i n g  g r o u n d  b u t  w a s  b e i n g  p r e s s e d  t o w a r d s  a  r i g i d  t u n n e l .  
M e a n w h i l e  t h e  a x i s  l e v e l  s e g m e n t  o f  t h e  s a m e  s i x - s e g m e n t  r i n g  h a d  b e e n  
b e n d i n g  m o r e  p o s i t i v e l y  a s  i t  w a s  p u s h e d  t o w a r d s  t h e  s e c o n d - b u i l t  3 .8  i n  
12v , -  f t )  t u n n e l ,  s e e  F i g s  4 - 5 i  a n d  U5 i i .
F o r  c o m p a r i s o n  o f  t h e  e f f e c t s  o f  t h e  2 . 2  ( 7  f t )  f a c e  o n  t h e  t w o  d i f f e r e n t  
k i n d s  o f  3 . 8  m  ( I 2 v r  f t )  r i n g ,  t h e  t w o  p o l a r  d i a g r a m s  ‘ f 1 o f  F i g  A 7  h a v e  
b e e n  p l o t t e d .  T h e s e  s h o w  t h e  c h a n g e s  i n  c u r v a t u r e  o f  a l l  t h e  s e g m e n t s
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f r o m  t h e  t i m e  w h e n  t h e  2 . 2  i n  ( 7  f t )  f a c e  w a s  2  m  ( 6 4  f t )  a w a y  u n t i l  i t  w a s  
2 * 2  m  p a s t .  T h e  a r c  w h e r e  s i g n i f i c a n t  G h o n g e o  o c c u r r e d  i s ,  o f  c o u r s e ,  
o c c u p i e d  b y  f o u r  s e g m e n t s  i n  t h e  t w e l v e - s e g m e n t  r i n g .  T h e  c u r v a t u r e  v  
t i m e  g r a p h s  f o r  t h e s e  f o u r  s e g m e n t s  ( F i g s  7 + 6 ,  i - i v )  c o n t a i n  f l u c t u a t i o n s  
■ w h i c h  d o  n o t  o c c u r  i n  F i g s  ^5,  i  a n d  i i  f o r  t h e  s i x - s e g m e n t  r i n g .  T h i s  i s  
b e c a u s e  t h e  s h o r t  s e g m e n t s  h a d  m o r e  f r e e d o m  f o r  a n g u l a r  m o v e m e n t  i n  t h e  
p l a n e  o f  t h e  r i n g .  I f  h i n g i n g  o c c u r r e d  a t  a  l o n g i t u d i n a l  j o i n t  w h i c h  h a d  
f o r m e d  a  l i n e  c o n t a c t  a t  i t s  i n t r a d o s ,  t h e  c o n t a c t  c o u l d  s u d d e n l y  m o v e  t o  
t h e  e x b r a d  o s  a i d  v i c e  v e r s a *  I n  t h i s  e v e n t  t h e  l i n e  o f  t h r u s t  w o u l d  m o v e  
b y  a  l a r g e  a m o u n t ,  a n d  a  l a r g e  c h a n g e  o f  s t r a i n  g r a d i e n t  w o u l d  o c c u r .
D e t a i l e d  e x a m i n a t i o n  o f  t h e  s t r a i n  g a u g e  r e s u l t s  e n a b l e d  F i g  4 9  t o  b e  d r a w n .  
T h e  s e g m e n t  w i t h  i t s  l o w e r  j o i n t  a t  a x i s  l e v e l  i s  o f  p a r t i c u l a r  i n t e r e s t .
T h e  a x i s  l e v e l  j o i n t  w o u l d  h a v e  o p e n e d  a t  t h e  e x t r a d o s  w h e n  s u p p o r t  w a s  
l o s t  a s  t h e  s e c o n d  3 * 8  m  ( l 2 { r  f t )  t u n n e l  w a s  d r i v e n  a n d  t h e  h o r i z o n t a l  
d i a m e t e r  i n c r e a s e d  b y  1 2  m m  ( 0 * 4 - 6 6  i n . ) •  A t  t h e  o t h e r  e n d  o f  s e g m e n t  t h e .  
s h o u l d e r  j o i n t  w a s  s i m i l a r l y  o p e n  b e c a u s e  o f  t h e  w a y  t h e  t w e l v e - s e g m e n t  
r i n g  i s  b u i l t  ( F i g  3 9 )  w i t h  t h e  u p p e r  j o i n t  o p e n  a n d  f i l l e d  w i t h  g r o u t .
T h i s ' g r o u t  m a i n t a i n e d  t h e  l i n e  c o n t a c t  s o  t h a t  b o t h  j o i n t s  n o w  h a d  l i n e  
contac ts  a t  the  i n t r a d o s  a c c o u n t i n g  f o r  t h e  p a r t i c u l a r l y  l a r g e  n e g a t i v e  
b e n d i n g  c h a n g e  t h a t  a c c o m p a n i e d  t h e  d r i v i n g  o f  t h e  s e c o n d  3 . 8  m  ( ' 1 2 - . * , -  f t )  
t u n n e l .  W i t h  b o t h  j o i n t s  o p e n  t h i s  s e g m e n t  w o u l d  h a v e  b e e n  i n  a  s t a t e  o f  
l i m i t e d  i n s t a b i l i t y  l i k e  t h a t  o f  a  v o u s s o i r  i n  a  d e f o r m e d  a r c h  ( P i p p a r d  
e t  a l ,  1 9 3 6 ) .  A  s l i g h t  r e d i s t r i b u t i o n  o f  p r e s s u r e  o n  t h e  o u t s i d e  o f  t h e  
t u n n e l  w o u l d  c a u s e  o n e  j o i n t  t o  c l o s e  a n d  p r e c i p i t a t e  t h e  o p e n i n g  o f
A c t u a 3 . 1 y  a t  t h e  b o t t o m  o f  t h e  c a u l k i n g  g r o o v e .  A l s o ,  d u e  t o  t h e  f l e x i b i l i t y  .  
o f  t h e  l o n g i t u d i n a l  f l a n g e s  o n l y  t h o  p o r t s  n e a r  t h e  c o r n e r s  w o u l d ' h a v e  
t r a n s m i t t e d  t h r u s t  ( s e e  p  1 3 2 ) *
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a n o t h e r .  H e n c e  t h e  l i n e  o f  t h r u s t  w o u l d  c h a n g e  r e s u l t i n g  i n  t h e  s u d d e n  
b e n d i n g  c h a n g e s  t h a t  w e r e  o b s e r v e d .  B e a r i n g  t h i s  m e c h a n i s m  i n  m i n d  i t  
m a y  b e  s e e n  t h a t  t h e  o p e n i n g  a n d  c l o s i n g  o f  j o i n t s  c a n  a c c o u n t  f o r  a l l  t h e  
c h a n g e s  i n  b e n d i n g  s t r a i n s  t h a t  w e r e  o b s e r v e d .  T h e  m o m e n t  a t  t h e  j o i n t  
r e s u l t i n g  f r o m  t h e  t e n s i o n  i n  t h e  b o l t s  w o u l d  h a v e  h a d  l i t t l e  a d d i t i o n a l  
e f f e c t  ( s e e  s e c t i o n  3 * 3 . 5  o n  j o i n t s ) .
T h e  p e a k  h o o p  s t r e s s e s  c o r r e s p o n d  i n  b o t h  c a s e s  t o  5 0  p e r  c e n t  o f  t h e  •
p r e s s u r e  t h a t  w o u l d  b e  e x e r t e d  b y  t h e  f u l l  o v e r b u r d e n  a c t i n g  h y d r o  s t a t i c a l l y ,  
2  2
4 3 0  k M / m  ( 4  t o n s / f t  ) .  A b o u t  h a l f  o f  t h i s  w a s  l o s t  d u r i n g  t h e  r e m a i n i n g
4 . 5  m  o f  t h e  m a i n  9  m  ( 2 9  f t  6  i n s )  t u n n e l  d r i v e  ( s e e  F i g  4 8 ) .
( i i )  S t r a i n  g a u g e  m e a s u r e m e n t s  a s  t h e  r i n g s  w e r e  d i s m a n t l e d  
A l t h o u g h  h a l f  o f  t h e  h o o p  s t r e s s  w a s  l o s t  b e f o r e  t h e  r i n g  w a s  u n c o v e r e d  a n d  
d i s m a n t l e d ,  t h e  g r e a t e s t  p a r t  o f  t h e  c u r v a t u r e  c a u s e d  b y  t h e  s e c o n d  3 * 8  i  
( 1 2 - J -  f t )  t u n n e l  p a s s i n g  ( d i a g r a m  f c ’ )  w a s  o n l y  r e l e a s e d  a t  t h e  l a s t  m o m e n t .  
T h e  p o l a r  d i a g r a m  ’ h *  f o r  t h e  o r d i n a r y  g r e y  i r o n  s h o w s  t h i s  q u i t e  c l e a r l y .  
D i a g r a m s  ! g !  a n d  ! h !  f o r  t h e  S G  i r o n  r i n g  s h o w  i r r e g u l a r i t i e s  t h o u g h .  I t  
s h o u l d  b e  r e m e m b e r e d  t h a t  t h e  r e l e a s e  o f  e a r t h  p r e s s u r e  f r o m  t h e  b a c k s  o f  
t h e s e  s e g m e n t s  w o u l d  c a u s e  a d d i t i o n a l  p o s i t i v e  b e n d i n g  w h e r e a s  s p u r i o u s  
n e g a t i v e  b e n d i n g  w o u l d  o c c u r  w h e n  t h e i r  t h i n  s p r i n g y  f l a n g e s  r e c o v e r e d  
f r o m  t h e  e f f e c t s  o f  t h e  s h i e l d  t h r u s t .
3 « 4 * 6 . 3  C o n c l u s i o n s  d r a w n  f r o m  t h e  l a t e r  m e a s u r e m e n t s  o f  i n s t r u m e n t e d
r i n g s
B e f o r e  e x a m i n i n g  t h e s e  d a t a  f u r t h e r ,  t h e  m o r e  o b v i o u s  r e s u l t s  w i l l  b e  
l i s t e d :
A  l a r g e  t u n n e l  ( 9  m ,  2 9  f t  6  i n s ,  I D )  a t  s h a l l o w  d e p t h  ( t h r e e
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d i a m e t e r  t o  i n v e r t )  a f f e c t e d  t h e  g r o u n d  a h e a d  o f  t h e  f a c e  a t  a  
d i s t a n c e  e q u a l  t o  t h e  d e p t h  o f  t h e  i n v e r t .
T h e  h o o p  s t r e s s e s  i n  t h e  t w o  i n s t r u m e n t e d  r i n g s  i n c r e a s e d  a n d  
r e a c h e d  a  p e a k  w h e n  t h e  l a r g e  f a c e  w a s  a t  a  d i s t a n c e  f r o m  t h e m  
e q u a l  t o  h a l f  i t s  d i a m e t e r *
T h e  2 . 2  m  ( 7  f t )  I D  p i l o t  t u n n e l  ( N o  3  t u n n e l  F i g  3 3 )  a f f e c t e d  t h e  
i n s t r u m e n t e d  r i n g s  f r o m  2 , 2  m  ( 7  f t )  b e f o r e  t o  2 , 2  m  ( 7  f t )  a f t e r  
i t  w a s  o p p o s i t e  t h e m .
T h i s  t u n n e l  ( N o  3 *  F i g  3 3 )  c a u s e d  a  t e m p o r a r y  r e d u c t i o n  i n  h o o p  
s t r e s s  w h e n  p a s s i n g  w h e r e a s  t h e  o t h e r  3*8 m (12v>- f t )  I D  t u n n e l  
( N o  2 )  d i d  n o t .
T h e  s t r a i n  g a u g e s  f o r  t h e  o r d i n a r y  i r o n  r i n g  o f  s i x  s e g m e n t s  s h o w  
s m o o t h  c u r v e s  a s  N o  3  t u n n e l  p a s s e d ,  b u t  t h o s e  f o r  t h e  S G  i r o n  
r i n g  o f  t w e l v e  s e g m e n t s  d o  n o t .
D i s c u s s i o n  o f  t h e  r e s u l t s  o b t a i n e d  f r o m  t h e  i n s t r u m e n t e d  r i n g s  
i n  t h e  t u n n e l  
3»A*7 * 1  A s p e c t s  c o m m o n  t o  b o t h  t u n n e l s
T h e  t w o  o b s e r v e d  r i n g s  b e h a v e d  i n  s i m i l a r  w a y s .  T h e  r a p i d  d e v e l o p m e n t  o f  
h o o p  s t r e s s  a n d  t h e  1 s q u a t t i n g *  a g r e e d  w i t h  o t h e r  o b s e r v a t i o n s  o n  t u n n e l s  
i n  L o n d o n  C l a y .  O b s e r v a t i o n s  o f  d i a m e t r i c a l  c h a n g e s  v e r y  e a r l y  i n  t h e  l i f e '  
o f  a  t u n n e l  a r e  n o t  e a s i l y  m a d e  s o  t h e r e  a r e  f e w  r e c o r d s  f o r  c o m p a r i s o n .
T h e  a u t h o r  h a s  m e a s u r e d  e a r l y  c h a n g e s  i n  a  6 . 5  m  ( 2 1  f t  2 - g -  i n s )  b o l t e d  a n d  
g r o u t e d  c a s t  i r o n  t u n n e l .  T h e  h o r i z o n t a l  d i a m e t e r  d e c r e a s e d  b y  1 . 2  m m
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( 0 . 0 5 0  i n . )  d u r i n g  t h e  f i r s t  t h r e e  d a y s ;  t h e  t u n n e l  t h e n  b e g a n  t o  s q u a t  
n o r m a l l y .  T h i s  i n i t i a l  m o v e m e n t  ( c a l l e d  ' p e a k i n g 1 b y  t u n n e l l e r s )  h a s  n o t  
b e e n  s e e n  i n  e x p a n d e d  l i n i n g s  d e s p i t e  c a r e f u l  m e a s u r e m e n t s  b y  o u r s e l v e s  a n d  
o t h e r s  ( K  S m y t h - O s b o u r n e ,  H  P a r k e r ,  p o r s o n a l  c o m m u n i c a t i o n s ) .  P o s s i b l y  t h e  
s e l f - w e i g h t  o f  t h e  b e d s  a b o v e  t h e  e x c a v a t i o n  c a u s e s  t h e m  t o  s e p a r a t e  a l o n g  
t h e  b e d d i n g  p l a n e s .  I n  t h e  L o n d o n  C l a y  t h e s e  a r e  h o r i z o n t a l  a n d  c o m m o n l y  
h a v e  m i c a c e o u s  p a r t i n g s .  W h e n '  t h e  g r o u t  h a s  h a r d e n e d  a n d  t h o  l i n i n g  s t a r t s  
t o  a c c e p t  t h e  p r e s s u r e  o f  t h e  g r o u n d  t h i s  w o u l d  b e  m u c h  m o r e  c o m p r e s s i b l e  
a b o v e  t h e  t u n n e l  t h a n  e l s e w h e r e ,  a n d  u n t i l  t h e  b e d s h a d  c l o s e d  a g a i n  t h e  
c r o w n  o f  t h e  t u n n e l  w o u l d  m o v e  u p w a r d s  a n d  a l l o w  t h e  s i d e s  t o  c o m e  i n .  
S e p a r a t i o n  a l o n g  b e d d i n g  p l a n e s  w o u l d  b e  m u c h  m o r e  r e v e r s i b l e  t h a n  
s e p a r a t i o n  a l o n g  ' f i s s u r e s '  w h i c h  a r e  i r r e g u l a r  a n d  t e n d  t o  i n t e r l o c k .  T h e  
p r o c e s s  w o u l d  b e  l e s s  l i k e l y  w i t h  e x p a n d e d  l i n i n g s  b e c a u s e  t h e  g r o u n d  i s  
u n s u p p o r t e d  f o r  a  s h o r t e r  t i m e  a n d  t h e  v e r y  o p e r a t i o n  o f  e x p a n d i n g  t h e  
r i n g s  m a y  r e c l o s e  a n y  o p e n i n g s  a t  t h o  b e d d i n g  p l a n e s .  T h e  p o s s i b l e  r o l e  
o f  t h e  g r o u t  i t s e l f  i s  d i s c u s s e d  l a t e r .
H o o p  s t r e s s e s  a n d  c h a n g e s  i n  d i a m e t e r  o c c u r r e d  a t  a  v e r y  m u c h  s m a l l e r  r a t e  
a f t e r  t h o  t w i n  t u n n e l  h a d  b e e n  d r i v e n  t h a n  b e f o r e .  T h i s  c o n t r a s t s  w i t h  
o b s e r v a t i o n s  o n  a  p a i r  o f  t u n n e l s  h a l f  a  d i a m e t e r  a p a r t ,  i n  L o n d o n  C l a y  
( W a r d ' a n d  T h o m a 3 ,  1 9 6 5 ) *  T h e n  t h e  f i r s t  t u n n e l  r e s u m e d  d e f o r m a t i o n  a t  a  
v e r y  s i m i l a r  r a t e  t o  t h a t  o b s e r v e d  b e f o r e  t h e  s e c o n d  d r i v e .  T h e  i n c r e a s e  
i n  h o o p  s t r e s s  i n  t h e  r i n g s  c o r r e s p o n d e d  t o  a b o u t  1 0  p e r  c e n t  o f  t h o  f u l l  
o v e r b u r d e n  p r e s s u r e ,  a s  i n  t h e  1 9 6 5  e x a m p l e .  I n  b o t h  e x a m p l e s  t h e  
s e c o n d  t u n n e l  w a s  d r i v e n  a b o u t  s i x  w e e k 3  a f t e r  t h e  f i r s t  o n e .  T h e  
f a i r l y  s u d d e n  i n c r e a s e  i n  h o o p  s t r e s s  a s s o c i a t e d  w i t h  a  p a s s i n g  t w i n  
t u n n e l  i s  p r o b a b l y  d u e  t o  a  d i l a t i o n  m e c h a n i s m  ( d i s c u s s o d  o n  p a g e s  2 1 2 / 2 1 3 )
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t o g e t h e r  w i t h  s w e l l i n g  o f  t h e  c l a y  o n  t h e  s u r f a c e s  o f  f i s s u r e s  t h a t  h a v e  
o p e n e d *  P r e s s u r e  c o u l d  b e  t r a n s m i t t e d  t h r o u g h  t h e  b l o c k s  o f  t h o  d i l a t e d  
c l a y  m a s s  i m m e d i a t e l y  a f t e r  d i s t u r b a n c e ;  b u t  a f t e r  a  w h i l e  t h e  b o u n d a r i e s  
o f  t h e  b l o c k s  w o u l d  s o f t e n  a n d  t h e .  c a p a c i t y  t o  t r a n s m i t  s t r e s s  
w o u l d  b e  i m p a i r e d *  E v e n t u a l l y  t h e  v o i d s  w o u l d  c l o s e  a n d  t h o  c l a y  w o u l d  
b e c o m e  s o m e w h a t  m o r e  h o m o g e n e o u s  a n d  o n c e  a g a i n  t h e  f i e l d  s t r e s s  i n  t h e  
m o r e  d i s t a n t  u n d i s t u r b e d  c l a y  c o u l d  s t a r t  t o  b e  t r a n s f e r r e d  t o  t h e  t u n n e l s *  
T h e  i n t e r v a l  b e f o r e  t h i s  h a p p e n e d  w o u l d  p r o b a b l y  b e  l o n g e r  i n  t h e  m o r e  
d i s t u r b e d  g r o u n d  a s s o c i a t e d  w i t h  t h e  m o r e  c l o s e l y  s p a c e d  p a i r s  o f  t u n n e l s  
a t  B r i x t o n *  '
T h e  2 * 2  ( 7  f t )  t u n n e l  w a s  d r i v e n  a b o v e  t h e  t w o  3 * 8  m  ( l 2 - > r  f t )  t u n n e l s
t h r o u g h  g r o u n d  w h i c h  h a d  n o t  o n l y  b e e n  d i s t u r b e d  b y  t h e m  b u t  w a s  a l s o  b e i n g  
d i s t u r b e d  b y  t h e  f o r w a r d - r e a c h i n g  e f f e c t s  o f  t h e  m a i n  9  m  (29  f t  6  i n s )  
f a c e *  T h e r e  w a s  s i m i l a r i t y  b e t w e e n  i t s  e f f e c t s  a n d  t h o s e  o f  t h e  t v / i n  
3 * 8  m  ( 1 2 ' g -  f t )  t u n n e l  i n  t h a t  t h e y  b e g a n  o n e  d i a m e t e r  ( 2 * 2  m  t u n n e l )  a h e a d ,  
a n d  f i n i s h e d  o n e  d i a m e t e r  a f t e r ,  t h e  f a c e  h a d  p a s s e d *  T h e  d i f f e r e n c e s  
w e r e  t h a t  t h e  s m a l l  t u n n e l  t e m p o r a r i l y  r e d u c e d  t h e  h o o p  s t r e s s  i n  t h e  
i n s t r u m e n t e d  r i n g  a n d  t h a t  t h e  b e n d i n g  w a s  m o r e  l o c a l i s e d .
T h e  f i r s t  i n c r e a s e s  i n  h o o p  s t r e s s  i n  t h e  i n s t r u m e n t e d  r i n g s  d u o  t o  t h e  
m a i n  f a c e  w e r e  s e e n  w h e n  i t  w a s  a b o u t  2 7  m  ( 9 0  f t )  a w a y ,  a  d i s t a n c e  e q u a l  
t o  t h e  d e p t h  o f  t h e  m a i n  t u n n e l  i n v e r t *  S u r f a c e  s u b s i d e n c e  i s  u s u a l l y  
f o u n d  t o  b e g i n  o n e  t u n n e l  d e p t h  a h e a d  o f  a  f a c e  i n  L o n d o n  C l a y .  T h e  
c o n s u l t a n t s  s t a t e  t h a t  f r o m  t h e i r  s e t t l e m e n t  o b s e r v a t i o n s  a t  B r i ; - r t o n  i t  
a p p e a r s  t h a t  t h e  f i r s t  e f f e c t s  o n  t h e  s u r f a c e  o c c u r r e d  a t  a  s i m i l a r  
h o r i z o n t a l  d i s t a n c e  a h e a d  o f  t h e  t u n n e l  f a c e .  T h e  s a m e  o b s e r v a t i o n  i s
P e r s o n a l  c o m m u n i c a t i o n  f r o m  M r  T  O ’ D o n n e l ,  o f  M e s s r s  M o t t ,  H a y  &  A n d e r s o n .
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r e p o r t e d  f o r  t h e  p l a s t i c  c l a y  a t  S a n  F r a n c i s c o  ( P e c k ,  1 9 6 9 ) *  I t  i s  
q u i t e  l i k e l y  t h a t  t h e  t e n s i o n  z o n e  a t  t h e  l i p  o f  t h e  s u b s i d e n c e  t r o u g h  
w o u l d  b e  u n d e r l a i n  b y  a  c o m p r e s s i o n  z o n e *
A t  h a l f  t h i s  d i s t a n c e ,  o r  o n e  a n d  a  h a l f  t i m e s  t h e  d i o m i e r  o f  t h o  m a i n  9  m
K
t u n n e l  t h e  h o r i z o n t a l  d i a m e t e r s  o f  b o t h  r i n g s  b e g a n  t o  d e c r e a s e  q u i t e  
s u d d e n l y *  T h o  s a m e  r a t e  o f  c h a n g e  w a s  m a i n t a i n e d *  T h e  f i r s t  o b s e r v a t i o n  
s u g g e s t i n g  m o v e m e n t  h a d  b e e n  o n e  o f  b e n d i n g  s t r a i n s  i n  t h e  t w e l v e - s e g m e n t  
r i n g  s o m e w h a t  e a r l i e r *
I t  h a s  b e e n  s t a t e d  ( p  189 )  t h a t  t h e  l a t e r  o b s e r v a t i o n s  a h e a d  o f  t h e  9 m  
(29  f t  6  i n s )  d i a m e t e r  f a c e  a r e  c o m p a t i b l e  w i t h  t h e  m o b i l i s a t i o n  o f  a  
h o r i z o n t a l  p r e s s u r e  i n  t h e  c l a y *  M e c h a n i s m s  w h i c h  m i g h t  p r o d u c e  t h i s  
c o u l d  d e p e n d  o n  t h e  f o l l o w i n g  p o s s i b i l i t i e s :
( i )  t h e  s t r e s s  f i e l d  a l r e a d y  e x i s t i n g  i n  t h e  g r o u n d  m a y  b e  a n i s o t r o p i c ;  
( i i )  t h e  g r o u n d  i t s e l f  i s  a n i s o t r o p i c ,  p a r t i c u l a r l y  i n  i t s  e l a s t i c i t y  
a n d  p e r m e a b i l i t y ;
( i i i )  t h e  c o l l a r  o f  g r o u t  h a s  d i f f e r e n t  p r o p e r t i e s  i n  d i f f e r e n t  p l a c e s  
a r o u n d  t h e  r i n g *
O n  ( i )  m o s t  w o r k e r s  b e l i e v e  t h a t  i n  L o n d o n  C l a y  t h e  h o r i z o n t a l  s t r e s s  
e x c e e d s  t h e  v e r t i c a l  s t r e s s ;  b u t  t h i s  i s  d e r i v e d  f r o m  l a b o r a t o r y  o b s e r v a ­
t i o n s  ( S k e m p t o n ,  1 9 6 1 ;  B i s h o p  e t  a l ,  1 9 6 5 )  a n d  h a s  n o t  b e e n  m e a s u r e d  
i n - s i t u *
O n  ( i i )  t h e  b e d d i n g  o f  s e d i m e n t s  i s  t h e  m o s t  o b v i o u s  f e a t u r e *  T h e  m e c h a n i s m  
p o s t u l a t e d  o n  p  1 9 3  m a y  h a v e  b e e n  o p e r a t i n g  a r o u n d  a n d  a h e a d  o f  t h e  9  m  
(29  f t  6 i n s )  f a c e *  I n c r e a s e  i n  h o o p  s t r e s s  i n  t h e  3 * 8  m  ( 1 2 - y -  f t )  r i n g s
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a c c o m p a n i e d  b o t h  t h e i r  o w n  b u i l d i n g  a n d  t h e  a p p r o a c h  o f  t h e  9  m  ( 2 9  f t  
6  i n s )  f a c e *
A  l i k e l y  m e c h a n s i m  d u e  t o  ( i i )  a n d  ( i i )  a b o v e  i s  t h a t  e x c e s s  w a t e r  f r o m  t h e  
g r o u t  m i g r a t e s  i n t o  t h e  c l a y  m o r e  q u i c k l y  h o r i z o n t a l l y  t h a n  v e r t i c a l l y  
b e c a u s e  o f  t h e  h o r i z o n t a l  s i l t y  p a r t i n g s *  T h i s  w o u l d  a l l o w  m o r e  r a p i d  
s w e l l i n g  o f  t h e  c l a y  a n d  h a r d e n i n g  o f  t h e  g r o u t  a t  a x i s  l e v e l  t h a n  a t  i n v e r t  
a n d  c r o w n *  W h e n  a l l  t h e  e x c e s s  w a t e r  f r o m  t h e  g r o u t  h a d  b e e n  u s e d  u p  t h i s  
p r o c e s s  w o u l d  g r a d u a l l y  r e v e r s e ,  t h e  c l a y  n e a r  a x i s  l e v e l  t e n d i n g  t o  c o n ­
s o l i d a t e  b y  m i g r a t i o n  o f  w a t e r  u p w a r d s  a n d  d o w n w a r d s *  T h i s  w o u l d  a c c o r d  
w i t h  t h e  n o r m a l  ’ s q u a t t i n g 1 t h a t  f o l l o w s *
A  s e c o n d a r y  e f f e c t  o f  t h i s ,  p r o c e s s  i s  t h a t  t h e  w a t e r / c e m e n t  r a t i o  o f  t h e  
g r o u t  a t  t h e  s i d e s  o f  t h e  t u n n e l  w o u l d  d e c r e a s e *  '  S i n c e  t h e r e  i s  e x c e s s  
w a t e r  i n  t h e  g r o u t  t h i s  w o u l d  h a s t e n  t h e  s e t t i n g  h e r e  a n d  a l l o w  t h e  p r e s s u r e  
o f  t h e  g r o u n d  t o  b e  t r a n s m i t t e d  t o  t h e  s i d e s  o f  t h e  t u n n e l  e a r l i e r *  T h e  
p r o c e s s  w o u l d  h a v e  b e e n  e x a g g e r a t e d  i f  t h e  c e m e n t  o f  t h e  g r o u t  s e t t l e d  o u t *  
H o w e v e r ,  e x a m i n a t i o n  o f  t h e  g r o u t  s u r r o u n d i n g  t h e  3 * 8  m  ( 1 2 - J -  f t )  r i n g s ,  
p a g e  2 0 5 ;  s h o w e d  l i t t l e  e v i d e n c e  o f  t h i s *  T h i s  d o e s  n o t  m e a n  t h a t  a n  
e f f e c t  d u e  t o  ( i )  w a s  n o t  o p e r a t i n g *  T h e ,  h o r i z o n t a l  m o v e m e n t s  1 - g - d i a m e t e r s  
a h e a d  o f  t h e  9  m  (29  f t  6  i n s )  f a c e  w o u l d  s e e m  m o r e  l i k e l y  t o  b e  d u e  t o
( i )  w h i l e  t h o s e  w i t h i n  h a l f  a  d i a m e t e r  o f  i t  a r e  m o r e  l i k e l y  t o  b e  d u e  t o
( i i )  a n d  ( i i i ) *
3 * A « 7 * 2  A s p e c t s  c o n c e r n i n g  l i n i n g  d e s i g n
T h e  m o s t  n o t i c e a b l e  d i f f e r e n c e  b e t w e e n  t h e  b e h a v i o u r  o f  t h e  o r d i n a r y  r i n g  
o f  s i x  s e g m e n t s  a n d  t h e  t w e l v e  s e g m e n t  S G  i r o n  r i n g s  i s  t h e  g r e a t e r  d i a m e ­
t r i c a l  d e f l e c t i o n  o f  t h e  l a t t e r ,  b o t h  o v e r  t h e  w h o l e  p e r i o d  a n d  d u r i n g  t h e
t w o  d a y s  w h e n  t h e  o t h e r  3 * 8  m  ( 1 2 - | -  f t )  t u n n e l  w a s  d r i v e n  p a s t *  T h i s  h a s  
n o t ,  h o w e v e r ,  c a u s e d  l a r g e  d i f f e r e n c e s  i n  t h e  b e n d i n g  s t r a i n s  m e a s u r e d  i n  
■' t h e  t w o  k i n d s  o f  s e g m e n t  a l t h o u g h  t h e y  a r e  o f  a p p r o x i m a t e l y  s i m i l a r  s t i f f ­
n e s s *  T h e  i m p l i c a t i o n s  o f  t h i s  d e p e n d s  o n  t h e  m e c h a n i s m  o f  t h e  i n t e r a c t i o n  
b e t w e e n  t h e  c l a y  a n d  t h e  l i n i n g ,  w h i c h  i s  n o t  c l e a r l y  u n d e r s t o o d *
I f  t h e  l i n i n g  i s  t h e  d o m i n a n t  f a c t o r  c o n t r o l l i n g  t h e  d e f o r m a t i o n  t h e n  t h e  
i n e q u a l i t i e s  o f  p r e s s u r e  d i s t r i b u t i o n  a r o u n d  t h e ' r i n g  ■ ■ w i l l  c a u s e  t h e  s e g m e n t s  
t o  b e n d  u n t i l  a  p a r t i c u l a r  b e n d i n g  r e s i s t a n c e  i s  r e a c h e d . w h i c h  i s  i n  
e q u i l i b r i u m  w i t h  t h e  f o r c e s  a p p l i e d  b y  t h e  c l a y *  A p p r o x i m a t e l y  t h e  s a m e  
b e n d i n g  r e s i s t a n c e  i s  m o b i l i s e d  i n  t h e  s h o r t  s e g m e n t s  a s  t h e  l o n g  o n e s .  
H o w e v e r ,  t h e  8 G  i r o n  r i n g  i s  m o r e  l i k e l y  t o  f o r m  p a r t i a l  h i n g o s  b e c a u s e  t h e  
c r o s s  j o i n t  f l a n g e s  a r e  l e s s  s t i f f  a n d  t h e  c r o s s  j o i n t  f a c e s  a r e  n a r r o w e r ;  
t h e r e  a r e  a l s o  t w i c e  a s  m a n y  o f  t h e s e  j o i n t s .  T h u s :  a ' l a r g e r - . t o t a l ,  
d e f l e c t i o n  o f  t h e  r i n g  a c c o m p a n i e s  t h e  e q u i l i b r i u m  s t a t e *
O n  t h e  o t h e r  h a n d  t h e  c l a y  m a y  b e  d o m i n a n t *  T h e  i n t e r f a c e  b e t w e e n  i t  a n d  
t h e  l i n i n g  w o u l d  t e n d  t o  f o r m  a  p a r t i c u l a r  s h a p e  a s  a  n e w  e q u i l i b r i u m  w a s  
e s t a b l i s h e d  i n  t h e  c l a y  a f t e r  i t  h a d  b e e n  d i s t u r b e d  b y  e x c a v a t i n g  t h e  t u n n e l .  
I n  t h i s  c a s e  a  s t i f f  r i n g  w o u l d  m o d i f y  t h e  n e w  s h a p e  s o m e w h a t ,  a n d  i n  d o i n g  
s o ,  d e v e l o p  b e n d i n g  m o m e n t s *  A  f l e x i b l e  r i n g  s h o u l d  c o n f o r m  t o  t h e  n e w  
s h a p e  w i t h o u t  d e v e l o p i n g  b e n d i n g  m o m e n t s *
A l t h o u g h  a r t i c u l a t i o n  o f  t h e  o G  i r o n  r i n g  a l l o w e d  i t  t o  f o l l o w  t h e  o v e r a l l  
s h a p e  t a k e n  b y  t h e  c l a y ,  t h e  i n d i v i d u a l  s e g m e n t s  h a d  e i t h e r  t o  c o n f o r m  t o  
c h a n g e s  i n  c u r v a t u r o  o r  t o  d e v e l o p  l i n e  c o n t a c t  a t  t h e i r  b u t t  j o i n t s *
E i t h e r  w o u l d  h a v e  r e s u l t e d  i n  t h e  u n e x p e c t e d  s t r a i n  g r a d i e n t s  t h a t  w o r e  
o b s e r v e d .
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E x p e r i m e n t a l  v e r i f i c a t i o n  t h a t  t h e  S G  i r o n  r i n g  w a s  f l e x i b l e  e n o u g h  t o  
a l l o w  t h e  c l a y  s u r f a c e  t o  a d o j r b  i t s  n a t u r a l  s h a p e  i s  t h a t  a  n e a r l y  i d e n t i c a l  
h i s t o r y  o f  d i a m e t r i c a l  d i s t o r t i o n  w a s  o b s e r v e d  i n  t h e  e v e n  m o r e  f l e x i b l e  
r i n g  w i t h  c u t s  i n  t h e  c i r c u m f e r e n t i a l  f l a n g e s *
I f  t h i s  s e c o n d  e x p l a n a t i o n  i s  a p p r o p r i a t e  t h e n  t h e r e  i s  n o  o b j e c t i o n  t o  
m a l t i n g ' t h e  s e g m e n t s  t h e m s e l v e s  m o r e  f l e x i b l e  s i n c e  l i t t l e  a d d i t i o n a l  s q u a t  
w o u l d  b e  l i k e l y  t o  o c c u r .  T h e  s t i f f n e s s  o f  t h e  e x p e r i m e n t a l  s e g m e n t  i s  
a l m o s t  w h o l l y  d e r i v e d  f r o m  i t s  d e e p  f l a n g e s ;  h e n c e  t h e s e  c o u l d  b e  m u c h  
r e d u c e d *  S i n c e  f o r  a  g i v e n  c u r v a t u r e  t h e  s t r a i n s  a t  t h e  e d g e  o f  t h e  
s e c t i o n  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  b e t w e e n  t h e  e d g e  a n d  t h e  
n e u t r a l  a x i s ,  t h i s  w o u l d  r e s u l t  i n ' l o w e r - s t r e ' s e  a t  t h e  f l a n g e  t i p s .  A l s o  
t h e  r e s u l t i n g  s e c t i o n  w o u l d  b e  m o r e  s y m m e t r i c a l  a n d  s o  m o r e  s u i t a b l e  f o r  a  
c o m p o n e n t  w h i c h  m a y ,  i n  s e r v i c e ,  b e  b e n t  i n  e i t h e r  d i r e c t i o n *
F r o m  a  g e o t e c h n i c a l  ' v i e w p o i n t  t h e  s e c o n d  h y p o t h e s i s  s e e m s  m o r e  l i k e l y ,  t u t  
a  f u l l - s c a l e  t r i a l  o f  a  l i n i n g  c o m p o s e d  o f  s e g m e n t s  w i t h  l i t t l e  o r  210 
f l a n g e s  i s  r e q u i r e d  t o  d e m o n s t r a t e  t h i s *
T h e  v a l u e s  o f  h o o p  s t r e s s  i n  t h e  l i n i n g  w h i c h  c o r r e s p o n d  t o  t h e  f u l l  o v e r -
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b u r d e n  a c t i n g  h y d r o s t a t i c a l l y  a r e  25*3  M N / m  ( 1 * 6 4  t o n s / i n  )  f o r  t h e
p  O
: o r d i n a r y  i r o n  r i n g  a n d  4 8 * 5  ■ M N / m ' '  ( 3 * 1 4  t o n s / i n ^ )  f o r  t h e  S G  i r o n  r i n g ;  
b o t h  v a l u e s  a r e  s m a l l  c o m p a r e d  w i t h  t h e  c o m p r e s s i v o  s t r e n g t h s  o f  t h e  
r e s p e c t i v e  m a t e r i a l s *  T h e  o v e r b u r d e n  v a l u e  m a y  b e  r e g a r d e d  a s  a  m a x i m u m  
v a l u e  o f  t h e  a v e r a g e  c o m p r e s s i v e  s t r e s s  i n  t h e  l i n i n g  o f  a  p r o p e r l y  d e s i g n e d  
a n d  e x e c u t e d  t u n n e l  w h i c h  i s  n o t  i n v o l v e d  i n  a  f a i l u r e  o f  t h e  g r o u n d .
H e n c e  t h e  c r o s s  s e c t i o n a l  a r e a  u s e d  i n  a n y  f u t u r e  d e s i g n  c o u l d  b e  c o n s i d e r ­
a b l y  r e d u c e d  p r o v i d e d  t h a t  c o n s i d e r a t i o n  h a d  b e e n  g i v e n  t o  i t s .  b e n d i n g ,  
b u d d i n g  a n d  h a n d l i n g  a s p e c t s *
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T h e  c r o s s  j o i n t s  d i d  n o t  a l l  b e h a v e  i n  t h e  w a y  t h a t  a  b o l t e d  b u t t  j o i n t  
s h o u l d  b e h a v e *  W h e n  t h e  d i s t o r t i o n s  w e r e  s m a l l  a n d  t h e  h o o p  l o a d  e n o u g h  
( e g  t h e  o r d i n a r y  s i x - s e g m e n t  r i n g  d u r i n g  p e r i o d  b )  i t  a p p e a r s  t h a t  t h e  
j o i n t s  s t a y e d  c l o s e d  a n d  t r a n s m i t t e d  b e n d i n g  m o m e n t s *  H o w e v e r ,  a t  o t h e r  
t i m e s  h i n g e s  f o r m e d  a n d  t h e  l i n e  c o n t a c t s  m a d e  a t  t h e  e d g e s  o f  t h e  j o i n t s  
c a u s e d  t h e  b e n d i n g  t o  b e  e x a g g e r a t e d .  T h e  p o l a r  d i a g r a m s  o f  T i g  4 7  
s u g g e s t  t h a t ,  p a r t i c u l a r l y  i n  t h e  t w e l v e - s e g m e n t  r i n g ,  s t r a i n  g r a d i e n t s  
n e a r  t h e  j o i n t s  w e r e  n o t i c e a b l y  l a r g e r  t h a n  t h o s e  r e c o r d e d  b y  t h e  g a u g e s  
n e a r  t h e  m i d d l e s  o f  t h e  c i r c u m f e r e n t i a l  f l a n g e s .  T h e  s t r a i n  g r a d i e n t s  
p r o d u c e d  i n  t h i s  w a y  c o u l d  h a v e  b e e n  a v o i d e d  b y  u s i n g  k n u c k l e d  l o n g i t u d i n a l  
j o i n t s .  T h e  p o s i t i o n s  o f  t h e s e  j o i n t s  s h o u l d  b e  o n  t h e  h o r i z o n t a l  a n d  
v e r t i c a l  d i a m e t e r s  o f  t h e  r i n g ,  h e n c e  1 2  o r  8  s e g m e n t s  i s  a  s a t i s f a c t o r y  
n u m b e r *
A  k n u c k l e  j o i n t e d  r i n g  o f  m o r e  t h a n  t h r e e  s e g m e n t s  w o u l d  f o r m  a  m o r e  
f l e x i b l e  r i n g  t h a n  o n e  w i t h  b u t t  j o i n t s  t h a t  a c t u a l l y  f u n c t i o n e d  i n  t h e  
m a n n e r  e x p e c t e d  o f  t h e m .  H o w e v e r ,  o n  t h e  s a m e  a r g u m e n t  a s  t h a t  p r e s e n t e d  
a b o v e  f o r  l e s s  s t i f f  s e g m e n t s ,  i t  i s  n o t  l i k e l y  t h a t  i n  L o n d o n  C l a y  t h e  
u s e  o f  f u l l y  f l e x i b l e  j o i n t s  w o u l d  r e s u l t  i n  u n a c c e p t a b l y  l a r g e  d i a m e t r i c a l  
d i s t o r t i o n s  w h e n  t h e  r i n g  s q u a t t e d .  N o r  i s  i t  l i k e l y  t h a t  t h e  b e n d i n g  
m o m e n t s  a t  t h e  c e n t r e  o f  t h e  s e g m e n t s  w o u l d  b e  p a r t i c u l a r l y  h i g h .
3 * 4 * 8  E r r o r s  i n  s t r a i n  m e a s u r e m e n t  
3 * 4 * 8 . 1  C a u s e s
E r r o r s  m a y  h a v e  a r i s e n  i n  t h e  s t r a i n  g a u g e  r e a d i n g s  f r o m  c a u s e s  i n  e i t h e r  
( i )  t h e  i r o n ;  ( i i )  t h e  g a u g e s ;  ( i i i )  t h e  r e a d i n g  e q u i p m e n t .
( i )  T h e  i r o n
P o s s i b i l i t i e s  o f  d i m e n s i o n a l  c h a n g e s  i n  t h e  i r o n  c a s t i n g  m a y  a r i s e  f r o m
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( a )  d i s s i p a t i o n  o f  l o c k e d  u p  s t r e s s e s , *  ( b )  s t r e s s i n g  b e y o n d  t h e  y i e l d  
p o i n t  i n  h a n d l i n g  o r  s e r v i c e ;  ( c )  e l a s t i c  d i s t o r t i o n  g i v i n g  s t r a i n s  
s i m i l a r  t o  t h o s e  u n d e r  i n v e s t i g a t i o n  b u t  a c t u a l l y  o f  a  d i f f e r e n t  n a t u r e .
I t  w a s  f o u n d  t h a t :
( a )  r e a d i n g s  t a k e n  i n  t h e  l a b o r a t o r y  s h o w e d  t h a t  t h e  c a s t i n g s  w o r e  
s t a b l e ;
( b )  s u c h  o v e r s t r e s s i n g  w a s  c o n f i n e d  t o  t h e  t w i s t i n g  b y  t h e  s h i e l d  r a m s  
o f  t h e  f l a n g e s  o f  t h e  o r d i n a r y  f l a k e  g r a p h i t e  i r o n  s e g m e n t s ;
( c )  t h e  s h i e l d  r a m s  h a v e  s i m i l a r l y  a f f e c t e d  t h e  t h i n  s p r i n g y  f l a n g e s  o f  
t h e  S G  i r o n  s e g m e n t s  -  b u t  r e v e r s i b l y .  A l s o  p r e s s u r e  o n  t h e  b a c k  
a f f e c t e d  t h e  c u r v a t u r e  i n  t h e  f l a n g e s .
( i i )  T h e  g a u g e s
T h e  v i b r a t i n g - w i r e  e l e m e n t  o f  t h e  s t r a i n  g a u g e s  m a y  c o r r o d e .  I f  i t  d o e s  
i t s  m a s s  a n d  h e n c e  i t s  n a t u r a l  f r e q u e n c y  o f  v i b r a t i o n  c h a n g e s  a n d  a  f a l s e  
r e a d i n g  i s  o b t a i n e d .  A f t e r  t h e  e x p e r i m e n t  t h e  w i r e s  w e r e  i n s p e c t e d  f o r  
s u c h  c o r r o s i o n  a n d  i n  t h e  c a s e  o f  a  f e w  i n v e r t  g a u g e s  i t  w a s  f o u n d .  C r e e p  
o f  t h e  w i r e  a n d  s l i p p i n g  a t  t h e  a n c h o r a g e s  c a n  b e ,  a n d  w a s ,  a v o i d e d  
( T h o m a s ,  1 9 6 6 ) .
( i i i )  T h e  r e a d i n g  e q u i p m e n t
E v e r y  t i m e  t h e  f r e q u e n c y  o f  t h e  g a u g e s  w a s  r e a d  r e f e r e n c e  w a s  m a d e  t o  a  
f r e q u e n c y  s t a n d a r d .  T h i s  s t a n d a r d  i s  a n  e l e c t r i c a l l y  e x c i t e d  t u n i n g  f o r k  
w h i c h ,  o f  c o u r s e ,  v i b r a t e s  m o o t  s t r o n g l y  a t  a  s i n g l e  f r e q u e n c y  -  i t s  
f u n d a m e n t a l  f r e q u e n c y  o f  n a t u r a l  v i b r a t i o n .  H o w e v e r  b y  c o m p a r i n g  t h i s  
f r e q u e n c y  w i t h  f r a c t i o n s  o r  m u l t i p l e s  o f  i t  a  l a r g e  n u m b e r  o f  r e f e r e n c e  
f r e q u e n c i e s  i s  a v a i l a b l e .  T h e  c o m p a r i s o n  i s  e a s i l y  s e e n  b y  a d d i n g  t h e  t w o
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f r e q u e n c i e s  a t  r i g h t  a n g l e s  u s i n g  a  c a t h o d e  r a y  t u b e  t o  o b s e r v e  a p p r o p r i a t e  
L i s s a j o u s  f i g u r e s *  T h e  o s c i l l a t o r  u s e d  t o  m e a s u r e  t h e  g a u g e  f r e q u e n c i e s  
w a s  n o t  f o u n d  t o  d r i f t  p r o v i d e d  t h a t  i t  w a s  s w i t c h e d  o n  f o r  a b o u t  a n  h o u r  
b e f o r e  i t  w a s  u s e d .
3  * 4 •  8 * 2  E r r o r s  f o u n d
A s  a  c h e c k  o n  d r i f t  o r  d a m a g e  . i n  t h e  v i b r a t i n g - w i r e  s t r a i n  g a u g e s ,  o r  
d i m e n s i o n a l  i n s t a b i l i t y  o r  d a m a g e  i n  t h e  s e g m e n t s ,  r e a d i n g s  w e r e  t a k e n  i n  
t h e  t u n n e l  b e f o r e  t h e  r i n g s  w e r e  b u i l t  a n d  a f t e r  t h e y  w e r e  d i s m a n t l e d .
Z e r o  r e a d i n g s  w e r e  a l s o  t a k e n  a t  t h e  B u i l d i n g  R e s e a r c h  S t a t i o n  b e f o r e  t h e  
e x p e r i m e n t ,  a f t e r  r e t u r n  f r o m  t h e  t u n n e l  a n d  t h r e e  m o n t h s  a f t e r  t h a t .
C h a n g e  d u r i n g  t r a n s p o r t  w a s  n i l ,  d r i f t  a f t e r  t h r e e  m o n t h s  w a s  s m a l l  a n d  
o n l y  o c c u r r e d  i n  s o m e  i n v e r t  s e g m e n t s .
H o w e v e r ,  z e r o  c h a n g e s  i n  t h e  t u n n e l  w e r e  q u i t e  l a r g e ,  t h e y  a r e  s h o w n  i n
T a b l e  8  f o r  t h e .  o r d i n a r y  i r o n  r i n g  i n  w h i c h  t h e  l a r g e s t  s t r a i n  m e a s u r e d  w a s  
5 4 1  m i c r o  s t r a i n ,  a n d  i n  T a b l e  9  f o r  t h e  S G  i r o n  r i n g  i n  w h i c h  t h e  l a r g e s t  
s t r a i n  w a s  4 3 2  m i c r o s t r a i n .  I n  o r d e r  t o  s e e  t o  w h a t  e x t e n t  t h e s e  c h a n g e s  
p r o d u c e  e r r o r s  i n  t h e  r e s u l t s ,  t h e y  h a v e  b e e n  p l o t t e d  i n  t e r m s  o f  c u r v a ­
t u r e  ( F i g s  3 7  a  a n d  b )  a s  p o l a r  d i a g r a m s  o f  t h e  s a m e  f o r m  u s e d  f o r  t h e  
r e s u l t s  i n  F i g  4 7 .
C o m p a r i n g  t h e  l e f t  h a n d  c o l u m n  o f  T a b l e  8  w i t h  t h e  l e f t  h a n d  s i d e  o f
F i g  3 7 b ,  i t  c a n  b e  s e e n  t h a t ,  d e s p i t e  t h e  s t r a i n  e r r o r s ,  t h e  b e n d i n g  e r r o r s
a r e  s m a l l .  S i m i l a r  s t r a i n  e r r o r s  h a v e  o c c u r r e d  i n  b o t h  g a u g e s  o f  m o s t  
p a i r s  a n d ,  s i n c e  b e n d i n g  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  
s t r a i n s ,  t h e  s t r a i n  e r r o r s ,  w h a t e v e r  t h e i r  c a u s e ,  a r e  l a r g e l y  e l i m i n a t e d .
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G r o u t  w h i c h  e s c a p e d  f r o m  t h e  p a n  f l o o d e d  t h e  i n v e r t  d u r i n g  b u i l d i n g .  T h i s  
m a d e  i t  d i f f i c u l t  t o  d i s m a n t l e  t h e  i n v e r t  S G  i r o n  s e g m e n t s  s o  t h e y  w e r e  
p r o b a b l y  d a m a g e d .  A l s o ,  o n  d i s m a n t l i n g  t h e  g a u g e s ,  t h e i r  v i b r a t i n g - w i r e  
e l e m e n t  w e r e  f o u n d  t o  b e  c o r r o d e d .  T h e  w i r e s  o f  t h e  o t h e r  g a u g e s  d i d  n o t  
c o r r o d e .  T h e  s e g m e n t s  i n  t h e  u p p e r  r i g h t  t h i r d  o f  t h e  S G  i r o n  r i n g  w e r e  
s e v e r e l y  b e n t  w h i l e  t h e  e a r t h  p r e s s u r e  w a s  a c t i n g  o n  t h e i r  b a c k s .  B e n d i n g  
e r r o r s  o c c u r  h e r e  b e c a u s e  o f  i n s t a b i l i t y  o f  t h e  S G  i r o n  s e g m e n t s  i n  t h i s  
c o n d i t i o n .  W h e n  t h e  S G  i r o n  p a r t  o f  t h e  t u n n e l  w a s  d i s m a n t l e d ,  b u r n i n g  
g e a r  w a s  u s e d  t o  c u t  a w a y  t h e  b o l t s .  T h e  t h e r m a l  s t r e s s e s  t h i s  c a u s e d  
w o u l d  i m p a i r  t h e  v a l u e  o f  t h e  d a t a  u s e d  t o  m a k e  d i a g r a m s  ! g !  a n d  f h !  o f  
F i g  4 7  f o r  t h e  i n s t r u m e n t e d  S G  i r o n  r i n g .
I n  F i g  3 7 a  t h e  p o s i t i v e  b e n d i n g  e r r o r s  a r e  p e r m a n e n t  s p u r i o u s  b e n d i n g  d u e  
t o  o v e r s t r e s s i n g  t h e  o r d i n a r y  i r o n  s e g m e n t  f l a n g e s  b y  t h e  s h i e l d  r a m s .
I t s  m e c h a n i s m  i s  d e a l t  w i t h  i n  d e t a i l  u n d e r  s e c t i o n  3 * 4 * 4 :  E f f e c t  o f  s h i e l d  
t h r u s t  o n  t h e  s e g m e n t  f l a n g e s ,  a l s o  s e e  p a g e  1 7 5 *  H o w e v e r ,  s o m e  o f  t h e  
p o s i t i v e  b e n d i n g  c a u s e d  i n  t h i s  m a n n e r  a n d  s h o w n  i n  d i a g r a m  ' a 1 f o r  t h e  
o r d i n a r y  i r o n  r i n g  w a s  r e l e a s e d  s l o w l y  a s  i s  s h o w n  b y  t h e  s m a l l  a m o u n t  o f  
n e g a t i v e  b e n d i n g  s h o w n  o n  t h e  l e f t  h a n d  s i d e  o f  t h e  s u b s e q u e n t  p o l a r  d i a g r a m  
f o r  t h i s  r i n g .  T h e  n e g a t i v e  b e n d i n g  l e f t  i n  t h e  r i g h t  h a n d  a x i s , s e g m e n t  
o f  t h e  o r d i n a r y  i r o n  r i n g  ( F i g  3 7 a )  w o u l d  b e  t h e  r e s u l t  o f  o v e r  s t r e s s i n g  
i n  n e g a t i v e  b e n d i n g  a t  t h e  t i m e  o f  t h e  s e c o n d  3 * 8  m  ( 1 2 ^ -  f t )  d r i v e .
T h u s  t h e  c h a n g e s  i n  c u r v a t u r e  f o r  t h e  p a r t i c u l a r  s t a g e s  i n  t h e  l i f e  o f  t h e  
t u n n e l ,  a f t e r  e r e c t i o n  a n d  g r o u t i n g  a n d  b e f o r e  r e l i e f  o f  l o a d ,  s h o w n  i n  
F i g s  4 7  ‘ b 1 t o  ’ g 1 c a n  b e  r e l i e d  u p o n  w i t h  a  l o t  m o r e  c e r t a i n t y ,  t h a n  
T a b l e s  8  a n d  9  a t  f i r s t  s u g g e s t .
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T A B L E  8  -  V i b r a t i n g - w i r e  g a u g e s  o n  r i n g  o f  o r d i n a r y  i r o n  s e g m e n t s
C h a n g e s  o f  z e r o  r e a d i n g s  f r o m  b e f o r e  u n t i l  a f t e r  f i e l d  e x p e r i m e n t
S e g m e n t  a n d  g a u g e  
p o s i t i o n
S e g m e n t s  o n  t h e  
l e f t  h a n d  s i d e  
Z e r o  d i f f e r e n c e  
m i c r o s t r a i n
S e g m e n t s  o n  t h e  
r i g h t  h a n d  s i d e  
Z e r o  d i f f e r e n c e  
m i c r o s t r a i n
+  16*2T r a i l i n g T i p -  7 . 8
R o o t +  10*2 —  1 8 * 6
L e a d i n g T i p +  1 .8 +  9 . 6
R o o t +  3 . 0 - 12 .0
A x i s
T r a i l i n g T i p -  22.8 - 1 0 7 . 4
R o o t - 4-2 .6 +  61.2
L e a d i n g T i p +  24. .  0 -  8 1 . 6
R o o t +  6 .0 -  4 7 . 4
I n v e r t
T r a i l i n g T i p -  5 3 . 4 - -  9 . 6
R o o t -  1 3 . 6 —  1 4 . 4
L e a d i n g T i p -  64.2 +  69 .6
R o o t -  2 8 . 8 +  2 6 . 4  •
T A B L E  9 —  V i b r a t i n g - w i r e  g a u g e s  o n  r i n g  o f  S G  i r o n  s e g m e n t s
C h a n g e s  o f  z e r o  r e a d i n g s  f r o m  b e f o r e  u n t i l  a f t e r  f i e l d  e x p e r i m e n t
S e g m e n t  a n d  g a u g e  
p o s i t i o n
S e g m e n t s  o n  t h e  
l e f t  h a n d  s i d e  
Z e r o  d i f f e r e n c e  
m i c r o s t r a i n
S e g m e n t s  o n  t h e  
r i g h t  h a n d  s i d e  
Z e r o  d i f f e r e n c e  
m i c r o s t r a i n
T o p  T i p +  6 . 0 -  9 . 6
R o o t +  1 . 8 +  6 . 0
S h o u l d e r  T i p +  1 0 . 8 -  8 2 . 0
R o o t +  16.2 -  1 . 8
U p p e r  a x i s  T i p -  7 . 8 +  5 5 . 0
R o o t -  8 .4 +  1 0 . 0
L o w e r  a x i s  T i p -  1 8 . 0 -  5 3 . 0
R o o t -  1 1 . 4 -  5 0 . 0
K n e e  T i p +  6 . 0 - 1 3 . 0
R o o t -  3 . 6 -  9 . 0
I n v e r t  T i p +  2 5 . 8 +  5 4 . 0
R o o t -  1 0 . 8 +  9 . 0
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Figure 37 Zero readings of the vibrating-wire strain gauges: 
change from before to after field experiment, 
expressed as bending (c. f. fig 47)
C alculation of the s tre s s  a t  the neu tra l sods in  indiv idual segments 
however includes the e rro rs  shown in  Tables 8 and 9? bu t, since they are 
nearly  random in  sign and magnitude, averaging the s tre ss  round each ring  
gives consisten t and u se fu l resu lts*  See Table 7 in  the section  3»4»3*3 
on ’Hoop s t r e s s ’ which shows th a t the r e s u l ts  from the two rin g s give 
sim ilar values of hoop s tre s s  a t corresponding times in  the h is to r ie s  of 
the two rings*
3*4■•8 *3 Conclusions about e rro rs
Hence i t  i s  concluded th a t  the  s tra in  gauge re s u l ts  though not free  of 
e rro rs  may be used:
(1) fo r calcu lating  the average hoop s tre s s  in  the ring  by averaging the 
values calculated  fo r  the  s tre ss  a t the neu tra l surfaces of a l l  the  
segments in  a r in g ;
(2) fo r  calcu lating  the lo c a l bending s tra in s  because th is  depends on the 
d ifference in  s tra in  between adjacent gauges and these had sim ilar 
errors* However, care must be taken to  see th a t s tra in  d ifferences
due to  tw isting  of the  flanges by the sh ield  rams are not mistaken
fo r circum ferential bending of the whole segment; a lso  th a t  
circum ferential bending of the flanges hy movement of the  skin of the 
segment i s  not in te rp re ted  as bending applied from outside the 
segment, when merely due to  a change in  uniform p ressu re .
3*4*9 Tunnel grouting and i t s  e ffe c t on the instrumented rin g s
The tunnel a t  Briixton was grouted in  the usual way with neat cement grout
pumped a t  low pressure a f te r  each shove*
When the 4 *04 m (13 f t  3 in s) O D  p ilo t  tunnels were dismantled to  build  the
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Fig 50a Thicknesses of grout layers around rings.
Top: instrumented six-segment ring. Middle: instrumented 
twelve-segment ring. Bottom: ring with cuts in circumferential 
flanges.
y /c  r p  Jlf ^
9  m  ( 2 9  f t )  I D  m a i n  t u n n e l  t h e  i n s t r u m e n t e d  r i n g s  w e r e  e a c h  c a r e f u l l y  
e x a m i n e d  a t  t h e  s t a g e  w h e n  t h e i r  t r a i l i n g  e d g e s  w e r e  e x p o s e d  a n d  m o s t  o f  
t h e  m u c k  h a d  b e e n  r e m o v e d  f r o m  t h e  t o p  s e g m e n t s .  F i g u r e  5 0 a  s h o w s  t h e  
d i m e n s i o n s  o f  t h e  g r o u t  c o l l a r s  t h a t  w o r e  s e e n .  A  f a i r l y  c v o n  t h i c k n e s s  o f  
3 8  m m  ( 1 - g -  i n . )  h a d  g e n e r a l l y  b e e n  m a i n t a i n e d .  T h e  g r o u n d  n e a r  t h e  t o p  o f  
t h e  t u n n e l  h a d  c o n t a i n e d  a  s t r a t u m  o f  c l a y  s t o n e s  a n d  o c c a s i o n a l l y ,  w h e n  
o n e  o f  t h e s e  h a d  d r o p p e d  o u t ,  g r o u t  h a d  f i l l e d  t h e  s p a c e  s o  t h a t  a  b u m p  
w a s  s e e n  o n  t h e  g r o u t  c o l l a r .
I n  s o m e  p l a c e s  a t  t h e  t o p  o f  t h e  g r o u t  c o l l a r ,  w h e n  b r o k e n ,  s h o w e d  i n t e r n a l  
v o i d s ,  b u t  n o  s p a c e s  w e r e  s e e n  b e t w e e n  t h e  o u t s i d e  s u r f a c e  o f  t h e  g r o u t  a n d  
t h e  c l a y ;  n o r  d i d  t h e  c l a y  a p p e a r  t o  h a v e  m o v e d  i n t o  a n y  s u c h  s p a c e .  T h e  
v o i d s  s e e n  w i t h i n  t h e  g r o u t  l a y e r  a p p e a r e d  t o  h a v e  b e e n  f o r m e d  b y  b u b b l e s  
o f  a i r  i n  t h e  w e t  g r o u t .  H o w e v e r ,  t h e y  m a y  o r i g i n a l l y  h a v e  b e e n  ‘ b u b b l e s 1 
o f  w a t e r  f r o m  w h i c h  t h e  c e m e n t  p a r t i c l e s  h a d  s e t t l e d  o u t .  I f  s o  t h e y  w e r e  
t h e  o n l y  e v i d e n c e  3e e n  o f  s u c h  s e t t l i n g .  T h e  r e s t  o f  t h e  g r o u t  c o l l a r  h a d  
t h e  s a m e  t e x t u r e  a n d  d e n s i t y  a l l  r o u n d  t h e  r i n g .
A  s e a r c h  w a s  m a d e  f o r  c r a c k s  i n  t h e  g r o u t  c o l l a r ,  e s p e c i a l l y  b y  t h e  c r o s s  
j o i n t s  o f  t h e  l i n i n g ,  b u t  n o n e  w e r e  s e e n .  T h e r e  w a s  n o  o p p o r t u n i t y  t o  s e e  
i f  c r a c k s  e x t e n d e d  f r o m  t h e  c i r c u m f e r e n t i a l  j o i n t .  S o m e  o f  t h e  c r o s s  j o i n t s  
h a d  o p e n e d  a b o u t  1 . 6  m m  0 /1 6  i n . )  a t  t h e  e x t r a d o s  a n d  a  t h i n  w e d g e  o f  g r o u t  
h a d  p e n e t r a t e d  t h e  c a v i t y o
T h e  g r o u t  t y p i c a l l y  b r o k e  a w a y  w i t h  2 5  t o  3 8  m m  ( 1  t o  T y  i n . )  o f  c l a y  
a d h e r i n g  t o  t h e  c o n v e x  s u r f a c e s  o f  t h e  s e g m e n t s .  T h e  e x p o s e d  s u r f a c e  o f  
t h i s  c l a y  s h o w e d  s i g n s  o f  m o v e m e n t ;  i t  w a 3  s l i c k e n s i d e d  i n  t h e  d i r e c t i o n
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Fig. 50 b  Polished and slickensided  c lay adhering to
grout layer taken from the back of lining after 
its dismantling.
p a r a l l e l  t o  t h e  a x i s  o f  t h e  t u n n e l  a n d  i f  s o m e  o f  t h e  c l a y  w e r o  r e m o v e d  
i t  u s u a l l y  r e v e a l e d  o t h e r  s l i c k e n s i d e d  s u r f a c e s  b e n e a t h .  A t  t h e  t i m e  t h e  
t u n n e l  w a 3  b u i l t  i t  w a s  p o s s i b l e  t o  3e e  a  l e n g t h  o f  s i x  o r  s e v e n  r i n g s  
c o n t r a c t i n g  a n d  e x p a n d i n g  a x i a l l y  ( i n  t h e  m a n n e r  o f  a  c o n c e r t i n a )  a s  t h e  
s h i e l d  r a m s  w e r e  p r e s s u r i s e d  o r  e x h a u s t e d ,  a n d  t h e  w o o d  p a c k i n g  s q u e e z e d  
o r  e x p a n d e d *  C l o s e  t o  t h e  s h i e l d  w h e r e  t h o  g r o u t  w a s  f l u i d  t h e  m o v e m e n t  
c o u l d  o c c u r  f r e e l y  b u t  o n c e  t h e  g r o u t  h a d  h a r d e n e d  s h e a r  f o r c e s  w o u l d  b e  
t h r o w n  o n t o  t h e  c l a y .  A g a i n  w h e n  t h e  t u n n e l  w a s  u n l o a d e d  i t  e x p a n d e d  a n d  
t h e  c l a y  w o u l d  h a v e  b e e n  s h e a r e d .
T h e  i n s t r u m e n t e d  s e g m e n t s  h a d  b e e n  p a i n t e d  W i t h - m a t t  r e d  p a i n t  i n s t e a d  o f  
b e i n g  d i p p e d  i n  b i t u m e n .  W h e n  t h e  g r o u t  w a s  b r o k e n  o f f  t h e s e  s e g m e n t s  a n  
i n t a c t  p a i n t  l a y e r  w a s  l e f t  o n  b o t h  t h e  o u t s i d e s  o f  t h e  s e g m e n t s  a n d  t h e  
c o n c a v e  s u r f a c e s  o f  t h e  g r o u t  f r a g m e n t s .  T h e r e  w a s  n o  e v i d e n c e  o f  
d i f f e r e n t i a l  m o v e m e n t  b e t w e e n  t h e  l i n i n g  a n d  t h e  g r o u t  c o l l a r .
A l t h o u g h  t h e  g r o u t  l a y e r  i t s e l f  i s  n o t  s t i f f  i n  c o m p a r i s o n  t o  t h e  f l a n g e d  
s e g m e n t ,  i t  w o u l d ,  i f  p e r f e c t l y  b o n d e d  t o  t h e  b a c k  o f  t h e  f l a n g e d  s e g m e n t ,  
p r o d u c e  a  c o m p o s i t e  s e c t i o n  o f  c o n s i d e r a b l y  e n h a n c e d  s t i f f n e s s .  T h e  s e c o n d  
m o m e n t  o f  a r e a  f o r  t h e  3 * 8 3  m  ( 1 2  f t  7  i n s )  I D  o r d i n a r y  c a s t  i r o n  s e g m e n t  
i s  i n c r e a s e d  b y  o n e  t h i r d ,  f o r  t h e  3 * 8 6  m  ( 1 2  f t  8  i n s )  I D  S G  i r o n  s e g m e n t  i t  
i s  i n c r e a s e d  b y  a  h a l f .
S i m i l a r l y  a  w e l l  b o n d e d  l a y e r  o f  g r o u t  w o u l d  a l s o  v e r y  c o n s i d e r a b l y  s t i f f e n  
t h e  t h i n  s k i n  o f  t h e  S G  i r o n  s e g m e n t s  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  a n d  s o  
l e s s e n  t h e  e x t e n t  t o  w h i c h  t h e  s k i n  f a i l s  t o  a c t  w i t h  t h e  f l a n g e s .  T h e
A  p i e c e  o f  g r o u t  w i t h  t h e  p o l i s h e d  a n d  s l i c k e n s i d e d  c l a y  a d h e r i n g  t o  i t  v ; a s  
b r o u g h t  b a c k  t o  t h e  l a b o r a t o r y  a n d  p h o t o g r a p h e d .  F i g u r e  5 0 a  w a s  t a k e n  s o m e  
s i x  h o u r s  a f t e r  r e m o v a l  f r o m  t h e  t u n n e l  ( t h e  p h o t o g r a p h e r  d o e s  n o t  w o r k  
n i g h t s )  b y  w h i c h  t i m e  t h e  c l a y  h a d  d e t e r i o r a t e d  s o m e v / h a t .
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g r o u t  c o u l d  p r o v i d e  t h e  e q u i v a l e n t  o f  c r o s s  w e b s  a c r o s s  t h o  b a c k  o f  t h e  
s e g m e n t .
I t  i s  n o w  n e c e s s a r y  t o  m a k e  s o m e  a s s e s s m e n t  o f  t h e  a d h e s i o n  b e t w e e n  t h o
g r o u t  a n d  t h o  s e g m e n t  a n d  o f  t h e  s h e a r i n g  f o r c e  i n  t h e i r  c o m p o s i t e  s e c t i o n
t e n d i n g  t o  c a u s e  s l i p p a g e  b e t w e e n  t h e m .  N o r m a l l y  c a s t  i r o n  s e g m e n t s  a r e  
c o a t e d  w i t h  a  l a y e r  o f  b i t u m e n  a b o u t  0 . 5  m m  ( 0 , 0 2  i n . )  t h i c k  a n d  s o  a r e  
e f f e c t i v e l y  l u b r i c a t e d  f o r  s l o w l y  a p p l i e d  s h e a r 0  T h e  p a i n t  o n  t h e  
i n s t r u m e n t e d  s e g m e n t s  w a s  a  t h i n  l a y e r  a n d  h a d  b e e n  a p p l i e d  t o  a  s u r f a c e
w h i c h  w a s  r o u g h ,  b o t h  b e c a u s e  o f  c a s t i n g  i r r e g u l a r i t i e s  a n d  s a n d  i n c l u s i o n s .
P u l l  o u t  t e s t s  o n  s m o o t h  s t e e l  b a r  c a s t  i n t o  c o n c r e t e  s h o w  i n i t i a l  b o n d
o 2
s t r e n g t h s  o f  a r o u n d  1 3 8 0  k N / m * -'  ( 2 0 0  l b / i n  )  a n d  p r e l i m i n a r y  t e s t s  s h o w  t h a t  
p a i n t e d  s t e e l  b a r s  a d h e r e  e v o n  b e t t e r .  T o n s i l e  t e s t s  o n  p a i n t  f i l m s  h a v e
g i v e n  s t r e n g t h s  o f  t h e  o r d e r  o f  6 . 8 9  x  1 0 ^  k N / m ^  ( 1 0 ^  l b / i n * " ' )  f o r  m e t a l
2  2  2  2  
s u r f a c e s ,  6 . 8 9  x  1 0  k N / m  ( 1 0  l b / i n - )  f o r  c o n c r e t e  s u r f a c e s  b u t  r a t h e r
l e s s  f o r  p l a s t e r  s u r f a c e s .  T h e r e  i s  s o m e  s u g g e s t i o n  t h a t  v e r y  w e t  m i x e s
s u c h  a s  p l a s t e r s  a n d  g r o u t s  m a y  a l l o w  a  p o r o u s  p a i n t  t o  s o a k  u p  a l k a l i n e
w a t e r s  w h i c h  w o u l d  c a u s e  i t  t o  d e t e r i o r a t e .
I f  t h e  l i n i n g  w a s  a  c o n t i n u o u s  c y l i n d e r  t h e  s l i g h t  d i s t o r t i o n  f r o m  a  
c i r c u l a r  c r o s s  s e c t i o n  t o  a n  e l l i p t i c a l  o n e  w o u l d  c a u s e  b e n d i n g  t h a t  w a s  s o  
c l o s e  t o  s i m p l e  c i r c u l a r  b o n d i n g  t h a t  s h e a r  f o r c e s  w o u l d  b e  n e g l i g i b l e .
I n  t h e  s e g m e n t a l  l i n i n g ,  a l t h o u g h  t h e  a b s o l u t e  v a l u e s  o f  b e n d i n g  m o m e n t  
a r e  s m a l l ,  t h e r e  a r e  c h a n g e s  o f  c u r v a t u r e  i n  t h e  i r o n - g r o u t  c o m p o s i t e  r i n g  
a t  t h e  c r o s 3 j o i n t s  a n d  h e n c e  i n c r e a s e d  l o c a l  s h o a r  s t r e s s e s  h e r e .  B e t w e e n  
t h e  c r o s s  j o i n t s ,  h o w e v e r ,  t h e  r a t e  o f  c h a n g e  o f  b e n d i n g  m o m e n t  a r o u n d  t h e  
s e g m e n t  a n d  h e n c e  t h e  s h e a r  f o r c e s ,  i s  p r o b a b l y  s m a l l .  A l o n g  t h o  t u n n e l ,  
b e t w e e n  t h e ’ c i r c u m f e r e n t i a l  f l a n g e s ,  a  s i m i l a r  s i t u a t i o n  o c c u r s :  t h e  t h i n
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s k i n  o f  t h e  £ J G  i r o n  w i l l  d i s h  g i v i n g  a  p a r a b o l i c  d i s t r i b u t i o n  o f  b e n d i n g  
m o m e n t  c a u s i n g  n o  s h e a r  f o r c e  a t  t h e  c e n t r e  b u t  m a x i m u m  s h e a r  f o r c e  a t  t h e  
e d g e s .  T h e s e  m a x i m u m  v a l u e s  a t  t h e  e d g e s  a r e  o f  t h e  s a m e  o r d e r  a s  t h e  
a d h e s i o n  b e t w e e n  t h e  i r o n  a n d  t h e  g r o u t  s o  i t  s e e m s  l i k e l y  t h a t  a d h e s i o n  
o v e r  m o s t  o f  t h e  a r e a  o f  t h e  s e g m e n t  w i l l  b e  m a i n t a i n e d  h e n c e  t h e  
i n s t r u m e n t e d  s e g m e n t s  w i l l  h a v e  b e e n  s o m e w h a t  s t i f f e n e d  b y  t h e  g r o u t .
T h e  a b o v e  a r g u m e n t  d o e s  s u g g e s t  t h a t  s h o u l d  a  s t i f f  t u n n e l  b e ' . r e q u i r e d  f o r  
a  p a r t i c u l a r  a p p l i c a t i o n  t h e  s e g m e n t s  s h o u l d  n o t  b e  b i t u m e n  c o a t e d  b u t  b o  
p r o v i d e d  w i t h  s h e a r  c o n n e c t i o n s  t o  t h e  g r o u t .
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A  W  ( 1 9 6 1 ) :  H o r i z o n t a l  s t r e s s e s  i n  a n  o v e r c o n s o l i d a t e d  E o c e n e
c l a y .  P r o c  5 t h  I n t  C o n f  o n  S o i l  M e c h  a n d  F o u n d  E n g ,  P a r i s ,  
v o l  1 ,  p p  3 5 1 - 3 5 7 .
S  H  ( 1 9 6 6 ) :  T h e  m e a s u r e m e n t  o f  s t r a i n  i n  t u n n e l  l i n i n g s  u s i n g
v i b r a t i n g - w i r e  t e c h n i q u e .  S t r a i n ,  v o l  2  ( J u l y ) ,  p p  16- 2 1 .
a n d  C H E N E Y ,  J  E  ( i 960 ) :  O s c i l l a t o r  m e a s u r i n g  e q u i p m e n t  f o r
v i b r a t i n g - w i r e  g a u g e s .  J n l  S c i e  I n s t r u m e n t s ,  v o l  3 7 ,  p p  
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a n d  T H O M A S ,  H  S  I I  ( 1 9 6 5 )2 T h e  d e v e l o p m e n t  o f  e a r t h  l o a d i n g  a n d
d e f o r m a t i o n  i n  t u n n e l  l i n i n g s  i n  L o n d o n  C l a y .  P r o c  6 t h  I n t  
C o n f  o n  S o i l  M e c h  a n d  F o u n d  E n g ,  M o n t r e a l ,  v o l  2 ,  p p  A 3 2 - 4 3 6 .
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C H A P T E R  F O U R  :
' M O V E M E N T  O F  T H E  G R O U N D '  H E A R  T H E '  F A C E  :
I T 3  A l - i O U l ' W ? >  . G A U G E S  A N D - C O N T R O L
T h e  s h i e l d  u s e d  f o r  d r i v i n g  b o t h  t h e  r u n n i n g  t u n n e l s  w a s  o f  t h e  G r e a t h e a d  
t y p e . w i t h '  a  D a l r y m p l e - H a y  h o o d .  T h e  o v e r a l l  l e n g t h  w a s  3 * 1 7  m  ( 1 0  f t
. ' 4 s  i n s )  a n d  t h e  o u t s i d e  d i a m e t e r  o f  t h e  s k i n  p l a t e  w a s  4 . 1 1  m  ( 1 3  f t  6  i n s ) .  
T h e  c u t t i n g  e d g e  w a s  f i t t e d ' w i t h  . a  b e a d  1 0  m m  ( * V s  i n c h )  w i d e  s o  t h a t  t h e  
l a r g e s t  d i m e n s i o n  o f  t h e  h o l e  i t  c u t - w a s  4.13 m  (13 f t  (P/4 i n s ) .  A s  i s  
u s u a l  i n  o r d e r  t o  p r e v e n t  t h e  s h i e l d  d r o p p i n g  a s  i t  i s  d r i v e n ,  t h e  b e a d  w a s  
o m i t t e d  f r o m  t h e  b o t t o m  6 0 °  o f  c u t t i n g  e d g e .  T h e  s h a p e  o f  t h e  h o l e  i t  
c u t  w a s  f a i r l y  r e g u l a r ,  s e e  F i g  5 0 a  s h o w i n g  t h e  s h a p e  o f  t h e  g r o u t  l a y e r s  
a r o u n d  t w o ' o f  t h e  r i n g s .  T h e  s h i e l d  h a d  t w e l v e  s h o v e - r a m s  a n d  f o u r  f a c e  
r a m s .  I t s  p r o g r e s s  w a s - u s u a l l y  f i v e  0 . 5 1  m  ( 2 0  i n s )  l o n g  r i n g s  p e r  e i g h t  
h o u r  s h i f t  a n d  t h r e e  s h i f t s  w o r e  w o r k e d  o n  t h e  f i v e  w o r k i n g  d a y s  o f  a  w e e k .  
T h e  s e c o n d  t u n n e l  w a s  d r i v e n  a b o u t  t w o  m o n t h s  a f t e r  i t s  t w i n , , a s  i s  t h o  
u s u a l  a n d  p r u d e n t  p r a c t i c e .
B e y o n d  t h e  l e n g t h  w h e r e  t h e - t w i n  3 * 8  m  t u n n e l s  w e r e  d r i v e n  c l o s e  
t o g e t h e r  i n  o r d e r  t o  a c t  a s  p i l o t  t u n n e l s  f o r  t h e  9  m  (29  f t  6  i n s )  c r o s s ­
o v e r  t u n n e l  t h e y  d i v e r g e d  u n t i l  t h e y  r e a c h e d  t h o  n e x t  w o r k i n g -  s h a f t  a t  
F e r n d a l e  R o a d ,  B r i x t o n .  H e r e  t h e  s h i e l d s  w o r e  e a c h  d r i v e n  i n t o  c o n c r e t e  
e y e s  c o n s t r u c t e d  i n  t h e  e n d s  o f  l e n g t h s , o f  5 « 0 5  m  (16  f t  o  i n s )  t u n n e l .
T h e s e  h a d  b e e n  b u i l t  b y  h a n d  o n  t h e  l i n e  o f  t h e  r u n n i n g  t u n n e l s  a n d  w e r e  
c o n n e c t e d  t o  t h e  s h a f t  b y  c r o s s  p a s s a g e s .  I n  o r d e r  t o  a c c o m m o d a t e  t h e s e  
v a r i o u s  t u n n e l s  a r o u n d  t h o  s h a f t ,  t h o  t w o ' r u n n i n g  t u n n e l s  h a d  t o  b e  o v e r
7 . 6  m  ( 2 5  f t )  a p a r t  a t  t h e  s h a f t .  W i t h  t h i s  s p a c i n g  i t  w a s  p o s s i b l e  t o
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u s e  t h e  f i r s t  d r i v e n  t u n n e l  a s  a n  o b s e r v a t i o n  p o s i t i o n  a n d  r e f e r e n c e  
p o i n t  t o  o b s e r v e  t h e  m o v e m e n t  o f  t h e  g r o u n d  n e a r  t h e  s e c o n d  d r i v e n  t u n n e l .  
N o r m a l l y  t w i n  t u n n e l s  a r e  t o o  c l o s e .
T h e  5 * 0 5  m  ( 1 6  f t  6  i n s )  s h i e l d  c h a m b e r s  m a d e  s u i t a b l e  o b s e r v a t i o n  p o i n t s
f o r  o b s e r v a t i o n s  o f  m o v e m e n t  o f  t h e  g r o u n d  i n  f r o n t  o f  a n  a p p r c a c h i n g  t u n n e l
f a c e .  T h e  e y e  i t s e l f  h a d  b e e n  c l o s e  t i m b e r e d  a n d  g r o u t e d  a t  t h e  t i m e  o f
c o n s t r u c t i o n .  A  32 m m  ( l V 4  i n . )  d i a m e t e r  h o l e  w a s  d r i l l e d  f o r  6 . 1  m
( 2 0  f t )  o n  t h e  l i n e  o f  t h e  a s d . s  o f  t h e  a p p r o a c h i n g  t u n n e l .  I n t o  t l i i s  w a s
i n s e r t e d  a  s t e e l  r o d  8  m  ( 2 6  f t )  l o n g  a n d  i t  w a s  d r i v e n  1 5  c m  ( 6  i n s )
i n t o  t h e  g r o u n d  a t  t h e  f a r  e n d  o f  t h e  h o l e  i n  o r d e r  t o  a n c h o r  i t  t h e r e .
T h e  e n d  w h i c h  p r o t r u d e d  i n t o  t h e  c h a m b e r  l a y  i n  a  b u s h  m o u n t e d  o n  a  s t o u t
s t e e l  b e a m  w h i c h  w a s  b o l t e d  t o  t h e  16  f t  6  i n s  c a s t  i r o n  l i n i n g .  T h e
m o v e m e n t  b e t w e e n  t h e  b u s h  a n d  t h e  e n d  o f  t h e  r o d  w a s  m e a s u r e d  w i t h  a  d e p t h
m i c r o m e t e r  t o  a n  a c c u r a c y  o f  0 . 0 2 5  m m  ( 0 . 0 0 1  i n . ) .  A t  t h e  s a n e  l e v e l  t w o
o t h e r  s u c h  r o d s  w e r e  i n s t a l l e d ,  o n e  t o w a r d s  t h e  s i d e  o f  t h e  c h a m b e r  s o '
t h a t  i t  w a s  i n  l i n e  w i t h  t h e  c u t t i n g  e d g e  o f  t h e  a p p r o a c h i n g  s h i e l d  a i d
,  mi
o n e  o n  t h e  o t h e r  s i d e  a n g l e d  s o  t h a t  i t  w a s  1 5  c m  ( 6  i n s ;  o u t s i d e  t h e  
c u t t i n g  e d g e  b u t  s t i l l  o n  t h e  h o r i z o n t a l  d i a m e t e r .
A  c o l l e a g u e  o b s e r v e d  t h e  p r o g r e s s  o f  t h e  s h i e l d  i n  t h e  a p p r o a c h i n g  t u n n e l  
a n d  n o t e d  t h e  t i m e  o f  e a c h  s h o v e .  T h e s e  t i m e s  w e r e  l a t e r  c o r r e l a t e d  w i t h  
t h e  t i m e s  o f  t h e  m i c r o m e t e r  r e a d i n g s  t o  p r o d u c e  a  s c a l e  o f  d i s t a n c e  r a t h e r  
t h a n  t i m e  i n  F i g  5 1 *
’ w h e n  t h o  s h i e l d  a r r i v e d  i t  w a s  5 7  m m  ( 2 ^ / 4  i n s )  o f f  l i n e  s o  t h a t  t h i s  p o i n t  
w a s  2 0 9  m m  ( 8 V 4  i n s )  o u t s i d e  t h e  c u t t i n g ,  e d g e  a i d  t h e  o t h e r  p o i n t  a  l i t t l e  
i n s i d e  i t .
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F i g u r e  5 1  s h o w s  t h a t  t h e  f i r s t  o b s e r v a t i o n  w a s  t h a t  t h o  c e n t r a l  m e a s u r i n g  
p o i n t  ( A )  w a s  m o v i n g  a w a v  f r o m  t h e  a d v a n c i n g  f a c e .  W h e n  t h e  d i s t a n c e  
b e t w e e n  t h i s  m e a s u r i n g  p o i n t  a n d  t h e  f a c e  w a s  r e d u c e d  t o  4 * 6  i n ,  ( 1  5  f t )  i t s  
d i r e c t i o n  o f  m o v e m e n t  c h a n g e d .  T h e r e a f t e r  i t s  m o v e m e n t  t o w a r d s  t h o  f a c e  
a c c e l e r a t e d  a s  t h e  f a c e  c a m e  n e a r e r ;  h a l f  t h e  t o t a l  m o v e m e n t  o f  1 7 . 5  m m  
( 0 . 7  i n . )  o c c u r r e d  i n  t h e  l a s t  m e t r e  o f  d r i v i n g .
T h e  m o v e m e n t s  a t  t h e  e d g e  o f  t h e  e x c a v a t i o n  ( p o i n t s  B  a n d  C )  f o l l o w e d  t h e  
s a m e  p a t t e r n  b u t  w e r e  v e r y  m u c h  l e s s .  T h e  f a c e  b u l g e d  a t  t h e  c e n t r e  b u t  
w a s  a l m o s t  h e l d  s t a t i o n a r y  2 0  c m  ( 8  i n s )  b e y o n d  i t s  e d g e .  T h e .  v o l u m e  o f  
t h i s ;  b u l g e , ' a s s u m i n g  i t  t o  b e  a  s e g m e n t  o f  a  s p h e r e  i s  0 . 1 1 6 '  mJ ( 4 * 1  f t " ' ) .  
T h u s  f o r  e v e r y  4 . 6  m  ( 1 5  f t )  o f  d r i v e  ( t h e  d i s t a n c e  o v e r  w h i c h  t h e  b u l g e  
i s  d e v e l o p e d )  0.116  m  ( 4 * 1  f t  )  m o r e  g r o u n d  i s  m i n e d  t h a n  t h e  v o l u m e  o f  
t h e  h o l e .  T h i s  g a i n  i s  d u e  t o :
( 1 )  e l a s t i c  e x p a n s i o n  o f  t h e  g r o u n d  a s  t h e  o v e r b u r d e n  p r e s s u r e  i s  
r e l i e v e d  ( i e  e l a s t i c  m o v e m e n t s  n o t  d u e  t o  t h e  w e i g h t  o f  t h e  
g r o u n d ) ;
( 2 )  f o r m a t i o n  o f  a  d e p r e s s i o n  a t  t h e  s u r f a c e  ( i e  e l a s t i c  m o v e m e n t  d u e  
t o  t h e  s e l f - w e i g h t  o f  t h e  g r o u n d ) ;
( 3 )  d i l a t i o n  o f  t h e  g r o u n d " - b e h i n d  t h e  f a c e  b y  t h e  f o r m a t i o n  o f  v o i d s .  
T h e  b u l g e  f o r m s  q u i t e  q u i c k l y  ( a b o u t  1 8  h o u r s )  s o  i t  i s  c l e a r  t h a t  ( 3 )  v  
i s  n o t  ‘ s w e l l i n g 1 i n  t h e  g e o t e c h n i c a l  s e n s e  o f  a  v o l u m e  c h a n g e  d u e  t o  m o r e  
w a t e r  m o v i n g  i n t o  t h e  i n t e r s t i c e s  b e t w e e n  t h e  m i n e r a l  p a r t i c l e .  T h o  c l u e  
i s  i n  t h e  b i g  d i f f e r e n c e  b e t w e e n  t h e  d i s p l a c e m e n t  a t  t h e  c e n t r e  o f  t h e  
f a c e  a n d  t h a t  a t  t h e  e d g e ;  t h i s  i m p l i e s  c o n s i d e r a b l e  s h e a r i n g  o f  t h e  c l a y  
a n d  a  t e n d e n c y  f o r  t e n s i o n  a t  t h e  a c t u a l  s u r f a c e .  B e c a u s e  t h e  f i s s u r e s  
a r e  n o t  p l a n e  s u r f a c e s ,  m o v e m e n t  a l o n g  t h e m  c a u s e s  t h e m  t o  b o  o p e n e d ,  t h a t  
i s  f o r  a i r  v o i d s  t o  o c c u r  w h e r e  p r e v i o u s l y  t h e r e  w o r e  o n l y  p l a n e s  o f
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w e a k n e s s *  W o w  t h a t  t h e  f i s s u r e  p l a n e s  n o  l o n g e r  i n t e r l o c k ,  s t r e s s e s  ■ 
m o r e  e a s i l y  c a u s e  m o v e m e n t  a l o n g  t h e m .  R e f e r r i n g ' t o  t h e  m a s s  o f  t h e  
m a t e r i a l ,  o n e  m a y  s a y  t h a t  o n c e  t h e  c l a y  i s  d i s t u r b e d  t h o  m o d u l u s  o f  
e l a s t i c i t y  i s  r e d u c e d *  T h i s  i n  i t s e l f  f a c i l i t a t e s  d i s t u r b a n c e  c a u s i n g  a  
f u r t h e r  r e d u c t i o n  i n  t h e  m o d u l u s .  T h u s  t h e  r e d u c t i o n  i n  m o d u l u s  i s  
t i m e - d e p e n d e n t .
R e t u r n i n g  t o  t h e  i n i t i a l  s h e a r i n g  c a u s i n g  t h e  f i r s t  d i l a t i o n  o f  t h e  c l a y ,  
i f  t h e  c l a y  i s  s h e a r e d  i n  a  c o n f i n e d  c o n d i t i o n  t h e  a v e r a g e  p r e s s u r e  b e t w e e n  
a d j a c e n t  b l o c k s  w i l l  i n c r e a s e ,  t h a t  i s  a  c o m p r e s s i v e  s t r e s s  w i l l  d e v e l o p '  
i n  t h e  w h o l e  c l a y  m a s s .  W h e n  i n  t h e  f i e l d  e x p e r i m e n t  t h e  f i r s t  m o v e m e n t  
o f  p o i n t  1 A  * w a s  o b s e r v e d  t o  b e  a w a y  f r o m  t h e  s h i e l d ,  i t  w a s  t h o u g h t  t h a t  
t h i s  w a s  d u e  t o  p r e s s u r e  f r o m  t h e  c u t t i n g  e d g e ;  b u t  t h a t  t h i s  w a s  n o t  s o ,  
w a s  s o o n  i n d i c a t e d  b y  t h e  v e r y  s m a l l  m o v e m e n t  a t  p o i n t  1 B *  i m m e d i a t e l y  i n  
f r o n t  o f . t h e  c u t t i n g  e d g e .  I t  n o w  s e e m s  p o s s i b l e  t h a t  s h e a r i n g  b y  t h e  
s h i e l d  g a v e  r i s e  t o  a  c o m p r e s s i v e  z o n e  i n  t h e  g r o u n d  b e t w e e n  t h e  s h i e l d  
a n d  p o i n t  ’ A 1 \ A i i c h  d e f l e c t e d  i t  a w a y  f r o m  t h e  s h i e l d .
A l t h o u g h  i t  i s  o b v i o u s  t h a t  s h i e l d  c u t t i n g  e d g e  c a s e s  s e v e r e  s h e a r i n g  
o f  t h e  c l a y  a n o t h e r  m e c h a n i s m  i s  p o s t u l a t e d  w h i c h  m i g h t  a c c o u n t  f o r  t h e  
d i l a t i o n  o f  t h e  c l a y - a r o u n d  t h e  s k i n  o f  t h e  s h i e l d  ( t h e  o b s e r v a t i o n s . o f  
w h i c h  a r e  t o  b e  d e s c r i b e d  l a t e r ) .  S i n c e  t h e  c l a y  i s  a  s e d i m e n t a r y  m a t e r i a l  
i t  i s  o r t h o t r o p i c  i n  i t s  e l a s t i c  p r o p e r t i e s ,  t h a t  i s  t o  s a y  t h e  m o d u l u s  o f  
e l a s t i c i t y . n o r m a l  t o  t h e  b e d d i n g  p l a n e s  i s  d i f f e r e n t  f r o m  ( p r o b a b l y  l e s s  
t h a n )  t h a t  i n  a n y  d i r e c t i o n  p a r a l l e l  t o  t h e . b e d d i n g  ( i e  i n  t h i s  p l a n e  i t  
• i s  e l a s t i c a l l y  i s o t r o p i c ) .  T h e r e f o r e ,  i f  a  p i e c e  o f  t h o  c l a y  w e r e  f o u n d
I n  d e e p  t u n n e l s ,  w h e n  a  b r e a k  o c c u r s  i n  t h e  w o r k ,  t h e  s m o o t h  s u r f a c e s  l e f t  
b y  t h e  c l a y  s p a d e  c a n  b e  s e e n  t o  d e v e l o p  f i s s u r e s  a f t e r  a b o u t  A  5  m i n u t e s .
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i n  a  c o n d i t i o n  o f  h y d r o s t a t i c  l o a d i n g  a n d  t h e n  w e r e  r e l e a s e d  f r o m  t h i s ,  
i t  w o u l d  s t r a i n  m o r o  i n  t h e  v o r t i c a l  d i r e c t i o n  t h a n  i n  t h e  h o r i z o n t a l  o n e .  
H e n c e  i n  a n y  d i r e c t i o n  o t h e r  t h a n  t h e s e  i t  - w o u l d  s u f f e r  s h e a r  s t r a i n s .
S o  i f  t h e  L o n d o n  C l a y . a t  d e p t h  w e r e  i n  a  s t a t e  o f  h y d r o s t a t i c  s t r e s s  u n d e r  
t h e  a c t i o n  o f  t h e  o v e r b u r d e n ,  ( K q  =  1 )  m e r e l y  r e l e a s i n g  i t  f r o m  c o n f i n e m e n t  
w o u l d  c a u s e  i t  t o  d e v e l o p  s h e a r  s t r a i n s ,  a n d  b e c a u s e  o f  t h e  u n e v e n  f i s s u r e  
p l a n e s ,  t o  d i l a t e .
S o m e  d i f f i c u l t y  a r i s e s  b e c a u s e -  s o m e  o f  t h e  s t r e s s  i n . t h e  L o n d o n  C l a y  h a s  
a l r e a d y  b e e n  r e l e a s e d  b y  g e o l o g i c a l  r e m o v a l  o f  t h e  o v e r b u r d e n  a n d  K  i s  
p r o b a b l y  g r e a t e r  t h a n  1 .  T h i s  w o u l d  m e a n  t h a t  t h e r e ' . w o u l d  b e  a  g r e a t e r  
s t r e s s  r e l i e f  i n  t h e  d i r e c t i o n  o f  t h e  p r o b a b l e  g r e a t e r  s t i f f n e s s ,  h o r i z o n - '  
t o l l y ,  w h i c h - w o u l d  t e n d  t o  e q u a l i s e  t h e - h o r i z o n t a l - . a n d  v e r t i c a l  s t r a i n s ,  
a n d  r e d u c e  t h e  s h e a r i n g  a n d  c o n s e q u e n t  d i l a t a n c e .
. H o w e v e r , '  i t  m a y  b e  t h a t  t h e  r e d u c t i o n  o f  t h e  o v e r b u r d e n  l o a d  i n  t h e  
P l e i s t o c e n e  p e r i o d  i t s e l f  i n i t i a t e d  s m a l l  m o v e m e n t s  a l o n g  p l a n e s  o f  w e a k n e s  
l e a v i n g  t h e  f i n a l  u n l o a d i n g  t o  c o n t i n u e  t h e  s a n e  t r e n d  a n d  t o  a c t u a l l y . . 
o p e n  t h e  f i s s u r e  p l a n e s *  T h a t  K  i s  n o w  g r e a t e r - t h a n  1  v / o u l d  m e r e l y  b e  
c o n c o m i t a n t  a n d  m e a n ,  n o t  t h a t  s h e a r i n g  w i l l  b e  r e d u c e d ,  b u t  t h a t  s o m e  
s h e a r i n g  h a s  a l r e a d y  o c c u r r e d . .  T h e  d e c r e a s e  i n  f i s s u r e  s p a c i n g  w i t h  
d e p t h  a n d  t h e  d i s c o v e r y  t h a t  T L  b e c o m e s  c l o s e r  t o  1 - w i t h  d e p t h  ( b k e m p t o n ,  
1 9 6 1 )  s u p p o r t s  t h i s *
U n l i k e  t h e  m o d u l u s  o f  e l a s t i c i t y ,  t h o  s h e a r  s t r e n g t h  o f  t h e  c l a y  m a s s  i s  
a t  f i r s t  l i t t l e  c h a n g e d  b e c a u s e  t h e  f i s s u r e  s u r f a c e s  a r c  h a r d  a n d  r o u g h  s o  
t h a t  a l t h o u g h  t h e  d i s t u r b a n c e  r e d u c e s  t h e  a r e a  o f  c o n t a c t  b e t w e e n  b l o c k s  
t h e  p r e s s u r e  b e t w e e n  t h e m  i s  i n c r e a s e d .  . H o w e v e r ,  a f t e r  t h e  f i s s u r e s  h a v e
b e e n  o p e n  T o r  a  d a y  o r  t w o  t h o _  c l a y  s t a r t s  t o  t a k e  u p  w a t e r  ( t h e  p o r e  
w a t e r  p r e s s u r e  h a d  b e c o m e  n e g a t i v e  w h e n  t h e  o v e r h a r d e n  p r e s s u r e  w a s  
r e l e a s e d )  t h e  e f f e c t i v e  p r e s s u r e  a t  t h e  b l o c k - c o n t a c t s  f a l l s  a n d  t h e  w h o l e  
m a s s  b e c o m e s ;  w e a k e r •  I f  f r e e  w a t e r  i s  a v a i l a b l e ,  o f  c o u r s e ,  t h e  p r o c e s s
i s  s p e d  u p  a n d ,  a l s o  i f  t h e r e  i s  e n o u g h  s o f t e n e d  c l a y  t o  a c t  a s  a  
l u b r i c a n t  b e t w e e n  t h e  b l o c k s  t h e  s t r e n g t h  o f  t h e  m a s s  i s  r e d u c e d  e v e n  m o r e  
q u i c k l y .
T h e  m e t h o d  o f  w o r k i n g  t h e  f a c e  a t  B r i x t o n  a t  t h e  t i m e  t h e s e  m e a s u r e m e n t s  
w e r e  m a d e  w a s  f i r s t l y  t o  e r e c t  a  s t a g e  a c r o s s  t h e  h o r i z o n t a l  d i a m e t e r  o f  
t h e  f a c e  a n d  f r o m  t h i s - ' d r i v e  t h e  s e m i - c i r c u l a r . - t o p  h a l f  o f  t h e  f a c e  f o r w a r d  
f o r  a  d i s t a n c e  e q u a l  t o  t h e  l e n g t h  o f  o n e  r i n g  0 . 5 1 .  m  ( 2 0  i n s ) .  T i l l s  
h a l f  w a s  t h e n  o p e n  p o l e d ,  t h e  p o l i n g  b o a r d s  b e i n g  s u p p o r t e d  b y  w a l i n g s  
' ■ p r e s s e d ' f o r w a r d  b y  s o m e  o f  t h e  f a c e  r a m s  o f  t h e  s h i e l d .  T h e  s t a g e  w a s  
t h e n  r e m o v e d  a n d  t h e  b o t t o m  h a l f  o f  t h e ,  f a c e  a d v a n c e d .  T h e  s h i e l d - w a s  
t h e n  s h o v e d  t o  t r i m  t h e  e x c a v a t i o n  t o  i t s  f i n a l  s h a p e .
T h i s - p r o c e d u r e  r e l a t e s  t o  t h e  m o d e  o f  m o v e m e n t  o f  t h e  c l a y ,  d i s c u s s e d  a b o v e  
a s  f o l l o w s :  I n  a  f a c e  a s  s m a l l  a s  4 -  m  i t  i s  n o t  h o p e d  t h a t  t h e  u s e  o f
f a c e  r a m s  w i l l  o b v i a t e  s u b s i d e n c e  a t  t h e  s u r f a c e .  O n  t h e  o t h e r  h a n d  i t  
w a s  n o t  n e c e s s a r y  t o  s a f e g u a r d  a g a i n s t  p l a s t i c  f a i l u r e .  T h i s  d o e s ,  n o t  
o c c u r  u n t i l  t h e  r a t i o  o f  t h e  o v e r b u r d e n  p r e s s u r e ,  y h ,  t o  t h e  c o m p r e s s i v e  
s t r e n g t h  o f  t h e  c l a y ,  c ,  i s  a s  h i g h  a s  a b o u t  6  ( B r o m s  a n d  B e n n e r m a r k ,  1 9 6 7 )
O  p
A t  t h e  p l a c e  c h o s e n  a t  B r i x t o n ,  c  w a s  a b o u t  3 2 0  k l l / m ' ~  ( 3  t o n s / f t ' " )  a n d
O O
y h  w a s  1 3 0  k W / m "  ( l  t o n s / f t  )  m a i d i n g  yii/c  o n l y  a b o u t  1 . 3 *  . W h a t  i s  
n e c e s s a r y  w i t h  a .  c l a y  f a c e  w h i c h  i s  c h a n g i n g  f r o m  a n  i n t a c t  m a s s  o f  c l o y  
t o  a  w a l l  o f  l o o s e l y  c o n n e c t e d  b l o c k s ,  w i t h  a  s t r e s s e d  e l a s t i c  m a t e r i a l
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b e h i n d  i t ,  i e  t o  a v o i d  h a v i n g  a  t o n  o r  s o  o f  m a t e r i a l  t h r o w n  o n t o  t h e  
m i n o r s *  ' T h i n  c o u l d  h a p p o n . w i t h  a n  u n s u p p o r t e d  c l o y  f a c o  i f  s o  m o  d e l a y  
o c c u r r e d .  I n s t a n c e s  a r e  k n o w n  o f  l a r g e  b l o c k s  b o u n d e d  b y  j o i n t  s u r f a c e s  
b e i n g  e j e c t e d  f r o m  t h e  f a c e .  T h e  p o s s i b i l i t y  o f  f a i l u r e  d u o  t o  w a t e r  
t r a p p e d  i n  s a n d y  l e n s e s  o r  i n  g r a v e l  f i l l e d  c h a r n e l s  i s  d i s c u s s e d  e l s e w h e r e .
G r o u n d  a l s o  e n t e r s  t h e  e x c a v a t i o n  b y  r a d i a l  c o n v e r g e n c e  m a i n l y  d u e  t o  t h e  
s h i e l d  s k i n  b e i n g  o f  s m a l l e r  d i a m e t e r  t h a n  t h e  c u t t i n g  e d g e  a n d  a l s o  b e c a u s e  
a f t e r  a  s h o v e  t h e r e  i s - a  g a p  b e W e e n  t h e  c l a y  a n d  t h e  n e w l y  b u i l t  r i n g  o f  
l i n i n g .
M e a s u r e m e n t s  o f  r a d i a l  c o n v e r g e n c e  o f  t h e  a p p r o a c h i n g  s e c o n d  t u n n e l  w e r e  
m a d e  f r o m  t h e  f i r s t  t u n n e l  a t  a  d i s t a n c e  s u i t a b l y  r e m o t e  f r o m  t h e  s h a f t  t o  
a v o i d  d i s t u r b e d  g r o u n d ;  a t  t h i s  p o i n t  t h o  3-8  m  ( 1 2 4  f t )  r u n n i n g  t u n n e l s  
w e r e  o n  t h e  s a m e  l e v e l  a n d  t h e  e d g e  t o  e d g e  d i s t a n c e  b e t w e e n  t h e m  w a s '  7 . 6 m  
(25  f t ) .  F o u r  h o l e s  3 2  m m  ( l V 4  i n » )  d i a m e t e r  w e r e  d r i l l e d  f r o m  t h i s  
t u n n e l .  T h r e e  w e r e  t o w a r d s  t h e  l i n e  o f  t h e  a s  y e t  u n d r i v e n  s e c o n d  t u n n e l .  
T h e y  t e r m i n a t e d ' a t ' d i s t a n c e s  0.46  m  (1 f t  6 . i n s ) ,  2 . 0  m  (6  f t  6 i n s )  a n d
3 .5  m  (11 f t  6 i n s )  f r o m  t h e  e x p e c t e d  p o s i t i o n  o f  t h e  e d g e  o f  t h e  n e w  
t u n n e l .  T h e  h o l e s  w e r e  d r i l l e d  a t  t u n n e l  a x i s  l e v e l  e a c h  t h r o u g h  t h e '  g r o u t  
h o l e  o f  a  s i d e  s e g m e n t ;  a  b r a s s  t u b e  s c r e w e d  i n t o  t h o  g r o u t  h o l e  
f a c i l i t a t e d  s t a r t i n g  t h e  h o l e  i n  t h e  c o r r e c t  a t t i t u d e .  I t  w a s  l a t e r  f o u n d  
t h a t  t h o  w o r s t  e r r o r  i n  l e v e l  a t  t h e  o t h e r  e n d  w a s  6 i n c h e s .
T h e  f o u r t h  h o l e  w a s  d r i v e n  f r o m  t h e  o t h e r  s i d e  o f  t h e  t u n n e l  f o r  a  d i s t a n c e  
o f  6 . 1  m  ( 2 0  f t ) .  T h e  b o t t o m  o f  t h i s  h o l e  w a s  t o  b e  a  p r i m a r y  r e f e r e n c e  
p o i n t .  A g a i n  s t e e l  r o d s  w e r e  u s e d  t o  t r a n s m i t  t h e  m o v e m e n t s  t o  t h e  
s e c o n d a r y  r e f e r e n c e  p o i n t s  w h i c h  w o r e  c o l l a r ' s  a t t a c h e d  t o  t h o  g r o u t  h o l e s
i n .  t h e - l i n i n g .  T h e  d i a m e t e r  o f  t h e  t u n n e l  w a s  a l s o - m e a s u r e d  w i t h  a  
m i c r o m e t e r  r o d  s o  t h a t  a n y  m o v e m e n t  b e t w e e n  t h e  p r i m a r y  r e f e r e n c e  p o i n t  
a n d  t h e . s e c o n d a r y  o n e s  a t  t h e  g r o u t  h o l e s  o n  t h e  o t h e r  s i d e  o f  t h e  t u n n e l  
c o u l d  b e  n o t e d .  T h r o u g h o u t  t h e  t h r e e  d a y s  o f  t h e  e x p e r i m e n t  t h e r e  w a s  
n o  m o v e m e n t  b e t w e e n  t h e  p r i m a r y  r e f e r e n c e  p o i n t  a n d  t h a t  s i d e  o f  t h e  
t u n n e l *  H o w e v e r ,  t h e  d i a m e t e r  o f  t h e  t u n n e l  d i d  c l u i n g o  a  l i t t l e  —
0 . 6  - m m  ( 0 . 0 2 4 . i n . )  o v e r  t h e  t h r e e  d a y s .  A p p r o p r i a t e  c o r r e c t i o n s  h a v e  b e e n  
m a d e  f o r  t h e  s m a l l  m o v e m e n t s  o f  t h e  r e f e r e n c e  s u r f a c e s  o n  t h e  m o v i n g  s i d e  
o f  t h e  t u n n e l  b e f o r e  p l o t t i n g  F i g  5 2 .  T h e  r e l a t i v e  p o s i t i o n s  o f  t h e  
s h i e l d  a n d  m e a s u r i n g  p o i n t s  w e r e  e s t a b l i s h e d  w h e n  a  c r o s s  p a s s a g e  h a d  b e e n  
m a d e  b e t w e e n  t h e  t w o  t u n n e l s  a s  p a r t  o f  t h e  c i v i l  e n g i n e e r i n g  w o r t .
T h e  t o t a l  d i s p l a c e m e n t s  m e a s u r e d  w e r e  1 2 . A  m m  ( 0 . 4 - 8 9  i n . )  f o r  t h e  p o i n t  • 
0 . 4 - 6  m  ( 1  f t  6  i n s )  f r o m  t h e  n e w  t u n n e l ,  7 . 1  m m  ( 0 . 2 8 0  i n . )  f o r  t h e  p o i n t  . 
2 . 0  m  ( 6  f t  6  i n s )  a n d  2 . 8  m m  ( 0 . 1 1 2  i n . )  f o r  t h e  o n e  3 * 5 1  m  ( 1 1  f t  6  i n s )  
a w a y .  A t t e m p t i n g  t o  u s e  t h e s e  h o r i z o n t a l  d i s p l a c e m e n t s ,  a n d  t h e  r a d i i  
a t  w h i c h  t h e y  w e r e  m e a s u r e d ,  t o  i n t e g r a t e  a r o u n d  t h e  t u n n e l  a x i s  t o  m a h e  
c o m p a r i s o n s  o f  v o l u m e  c h a n g e s  g i v e s  u n s a t i s f a c t o r y  r e s u l t s .  F o r  t h e  
v o l u m e  c h a n g e s  n e a r  t h e  t u n n e l  t o  b e  l a r g e r  t h a n  ( o r  e v e n  e q u a l  t o )  t h o s e  
f u r t h e r  a w a y  n e e d s  l a r g e r  v a l u e s  o f  a v e r a g e  d i s p l a c e m e n t  n e a r  . t h e . ' t u n n e l ; - ,  
t h a n  t h o s e  m e a s u r e d .  T h i s  s u g g e s t s  t h a t  t h e  d e f l e c t i o n s  i n  t h e  v e r t i c a l  
p l a n e  c o n t a i n i n g  t h e  t u n n e l  a x i s  w e r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h o s e  i n  t h e  
h o r i z o n t a l  d i r e c t i o n .  T h i s  i s  t o  b e  e x p e c t e d  f r o m  t h e  f a c t  t h a t  6  t o  
1 0  m m  0 /U  t o  " V 8  i n . )  s u r f a c e  s u b s i d e n c e  i s  a d d e d  t o  t h e  v e r t i c a l  d i s p l a c e ­
m e n t ' - w h i c h ,  i s  d u e  t o  e l a s t i c  r e l i e f  o f  s t r e s s  a n d  o p e n i n g  o f  t h e  g r o u n d  
a l o n g  b e d d i n g  p l a n e s .  A l s o ,  b y  t h e  n a t u r e  o f  a  s e d i m e n t a r y  m a t o r i a l ,  
t h e s e  l a t t e r  q u a n t i t i e s  a r e  g r e a t e r  i n  t h e  v e r t i c a l  d i r e c t i o n  t h a n  t h e  
h o r i z o n t a l  o n e .
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T h e  v o l u m e  o f  a  s u b s i d e n c e  t r o u g h  6  m m  ( ■ . / / +  i n . )  d e e p  s p r e a d i n g  o n e  t u n n e l
d e p t h  e i t h e r  s i d e  o f  t h e  l i n e  o f  t h e  t u n n e l  a n d  t r i a n g u l a r  i n  s e c t i o n
3  a
w o u l d  b e  0 . 1 5  m  p e r  m e t r e  r u n  ( 1 . 5 6  f t  p e r  f o o t  r u n ) .  I f  t h e  a v e r a g e
r a d i a l  c o n v e r g e n c e  o f  t h e  h o l e  w e r e  o n l y  a s  m u c h  a s  t h a t  m e a s u r e d  f o r  t h e
h o r i z o n t a l ' d i r e c t i o n - a n d  0 - 4 6  m  ( 1 8  i n s )  a w a y ,  t h e  v o l u m e  g a i n e d  ( 0.16  m
p e r  m e t r e  r u n  o r  1 . 7  f t  p e r  f o o t  r u n )  w o u l d  e x c e e d  t h a t  l o s t  a t  t h e
s u r f a c e .  B u l k i n g  o b v i o u s l y  o c c u r s .  A s  i t  w a s  n o t  p o s s i b l e  t o  m a k e
v e r t i c a l  d i s p l a c e m e n t  m e a s u r e m e n t s  a t  B r i x b o n ,  o r  m e a s u r e  t h e  v o l u m e  o f
c l a y  e x t r a c t e d ,  o n e  c a n  b u t  g u e s s  a t  t h e  v o l u m e  g a i n e d  d u e  t o  b u l k i n g .
H o w e v e r ,  h a v i n g  ; s e e n  t h e  i n s i g n i f i c a n t  e f f e c t  c a u s e d  a t  t h e  s u r f a c e  b y
r e a l l y  l a r g e  v o i d s  l e f t  b y  b a d  t u n n e l l i n g  p r a c t i c e ,  t h e  a u t h o r  1 s  g u e s s  i s
t h a t  t h e  v o l u m e  d u e  t o -  b u l k i n g  i s  a b o u t  e q u a l  t o  t h a t  d u e  t o  s u b s i d e n c e ,
a
i e  h a l f  t h e  c o n v e r g e n c e  w i l l  a p p e a r  a s  s u b s i d e n c e .  A  r o u g h  c a l c u l a t i o n  
o f  t h e  e l a s t i c  c o n v e r g e n c e ,  d u e  o n l y  t o  t h e - o v e r b u r d e n - p r e s s u r e  a n d  
n e g l e c t i n g  s e l f - w e i g h t ,  s u g g e s t s  t h i s ' i s ' . a  s m a l l ' p r o p o r t i o n  o f  t h e  w h o l e ,
2 . 5  m m  ( 0 . 1  i n . )  f o r  t h e  B r i x t o n  t u n n e l •
■ - 3
I f  t h e  u n d o u b t e d l y  l o w  f i g u r e  o f  0 . 1 6  m  p e r  m e t r e  r u n  i s  m u l t i p l i e d  b y
t h e  l e n g t h  o v e r  w h i c h  t h e  b u l g e  a t  t h e  f a c e  w a s  f u l l y  d e v e l o p e d ,  t h e  v o l u m e
O  O
o b t a i n e d  ( 0 . 7 2  m  o r  25»44  f t  )  e x c e e d s  t h e  i n g r e s s  a t  t h e  f a c e  b y  a  f a c t o r  
o f  6 .  T h i s  s u g g e s t s  t h a t  p r e v e n t i o n  o f  c o n v e r g e n c e  ( a b o u t  h a l f  t h e  v o l u m e  
o f  w h i c h - ' m a y ’m a n i f e s t - i t s e l f  a s  s u b s i d e n c e  a t  t h e  s u r f a c e )  i s  m u c h  b e t t e r  
a c h i e v e d  b y  a t t e n t i o n  t o  w h a t  h a p p e n s  a r o u n d  t h e  s h i e l d  t h a n  w h a t  h a p p e n s  
a t  t h e  f a c e .
T h i s  e s t i m a t e  w a s  m a d e  u s i n g  t h i c k  r i n g  t h e o r y  ( T i m o s h e n k o  ' S t r e n g t h  o f  
m a t e r i a l s ' ,  v o l  I I ,  p  2 / + 1  )  a n d  c a l c u l a t i n g  t h e  c o n v e r g e n c e  o f  t h e  i n s i d e  
o f  a  r i n g  o f  c l a y  o f  I D  t h a t  o f  t h e  e x c a v a t i o n  a n d  0 D  f i v e  t u n n e l  d i a m e t e r  
P l a n e  s t r a i n  w a s  a s s u m e d ,  P o i s s o n ' s  r a t i o  t a k e n  a s  h  a s  1 0 0  H i / m * *
( 1 0 0 0 ’ t o n / f t ^ . ) ' a n d  t h e  p r e s s u r e  i n s i d e  t h e  r i n g  a s  z e r o  a n d  o u t s i d e  i t '  a s  
4 3 0  k i l / m ^  ( 4  t o n s / f t ' ’* )  ( e q u i v a l e n t  t o  y h  a c t i n g  h y d r o  s t a t i c a l l y ) .
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T h e  m a i n  v a l u e  o f  t h e  m e a s u r e m e n t s  m a d e  i n  t h e  h o r i z o n t a l  p l a n e  c o n t a i n i n g  
t h e  a x i s  o f  t h e  a d v a n c i n g  t u n n e l  w h i c h  a r e  d e p i c t e d  i n  F i g  5 2  l i e s  t h e n  
n o t  i n  t h e i r  a b s o l u t e  v a l u e s  b u t  i n  t h e  s h a p e s  o f  t h e  g r a p h s .  C u r v e  ’ a *  
f o r  t h e  p o i n t  n e a r e s t  t h e  l i n e  o f  t h e  n e w  t u n n e l  s h o w s  t h a t  w h e n  t h e  h o o d  
o f  t h e  s h i e l d  w a s  4 * 6  m  ( 1 5 .  I t )  a w a y  v e r y  l i t t l e  w a s  h a p p e n i n g .  C o o n  
a f t e r w a r d s - w h e n  i t  w a s  a b o u t  / + . 1  m - ( l 3 a  F t )  a  w a y ,  t h e  p o i n t  b e g a n  t o  m o v e  
. t o w a r d s  t h e  p r o j e c t e d  a x i s  o f  t h e  a p p r o a c h i n g  t u n n e l .  T h e  r a t e  o f  d i s ­
p l a c e m e n t  t h e n  i n c r e a s e d  u n t i l  t h e  c u t t i n g  e d g e  w a s  o p p o s i t e  t h e  p o i n t  o f  
m e a s u r e m e n t .  ( T h e  z e r o  m ^ i r l c  o n  t h e  ’ f e e t  a h e a d - o f  h o o d '  s c a l e . )
I t  w i l l  b e  n o t i c e d  t h a t  t h e  n e x t  . p a r t  o f  t h e  d i s p l a c e m e n t  -  s h i e l d  d i s t a n c e  
c u r v e  i s  n o t  s m o o t h .  T h i s ,  o f  c o u r s e , ,  i s  b e c a u s e  t h e  s h i e l d  w a s  m o v i n g  
i n t e r m i t t a n t l y .  T h e  l e s s  s t e e p  p a r t s  o f  t h e  c u r v e  r e p r e s e n t  t h e  s h o v e s  o r  
a d v a n c e m e n t  o f  t h e  s h i e l d ,  w h e r e a s  t h e  s t e e p  p a r t s  r e p r e s e n t  t h e  ‘ m u c k i n g ’ 
o r  e x c a v a t i o n  o f  t h e  f a c e .
A f t e r  t h e  b e a d  h a d  p a s s e d ,  p o i n t  ’ a '  t h e  g r o u n d  h e r e  b e g a n  t o  l o o s e  s u p p o r t  
f r o m  t h e  g r o u n d  a t  t h e  f a c e .  l i f t e r  a b o u t  1 . 2  m  ( 4  f t )  i t  w a s  u n a f f e c t e d  ,  
b y  w h a t  w a s  h a p p e n i n g  a t  t h e  f a c e  a n d  w a s  u n s u p p o r t e d  b y  t h e  b e a d .  I t  
t h e n  m o v e d  t o w a r d s  t h e  s k i n  o f  t h e  s h i e l d ,  q u i c k l y  a t  f i r s t  a n d  t h e n  m o r e  
s l o w l y .  A f t e r  t h e  t a i l  o f  t h e  s h i e l d  ( z e r o  o n  t h e  ‘ f e e t  b e h i n d  t a i l ’ 
s c a l e )  h a d  p a s s e d  t h e  r a t e  o f  d i s p l a c e m e n t  a g a i n  i n c r e a s e d .  T h i s  s u g g e s t s  
t h a t  t h e  e a r l i e r  d e c r e a s e  i n  t h e  r a t e  o f  d i s p l a c e m e n t  i n d i c a t e s  t h a t  t h e  
t a i l  p l a t e  w a s  s u p p o r t i n g  t h e  c l a y  t o  s o m e  e x t e n t ;  t h e  c o n v e r g e n c e  w h i l e  
t h e  s h i e l d  w a s  p a s s i n g  w a s  4 * 5  m m  ( 0 . 1 8  i n . ) ,  a b o u t  h a l f  t h e  t h i c k n e s s  o f  
t h e  b e a d .  ( O f t e n  c l e a r a n c e  c a n  b o  s e e n  b e t w e e n  t h e  c l a y  a n d  t h e  t a i l  p l a t e  
a t  a x i s  l e v e l  w h i l e  i t  i s  t i g h t  a t  t h e  c r o w n  a n d  i n v e r t . )
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I t  a p p e a r s  f r o m  t h o s e  c u r v e a  t h a t  t h e  c l e a r a n c e  p r o v i d e d  b y  t h e  b e a d  w a s  
a p p r o p r i a t e  t o  t h e  s p e e d  o f  t u n n e l l i n g .  I f  i t  h a d  b e e n  s m a l l e r  t h e  t a i l  
w o u l d  h a v e  b e e n  t r a p p e d .  i t  i s  a l s o  c l e a r  t h a t  t h e  O n l y  w a y  t h e  
c o n v e r g e n c e  c o u l d  h a v e  b e e n  l e s s e n e d  w o u l d  h a v e  b e e n  t o  i n c r e a s e  t h e  s p e e d  
o f  w o r k i n g  o r  s h o r t e n  t h e  s h i e l d .  T h e  l e n g t h  o f  t h e  s h i e l d  i s  d e t e r m i n e d  
b y :  4  .
( i )  t h e  w o r k i n g  s p a c e  a h e a d  o f  t h e  d i a p h r a g m
( i i )  t h e  l e n g t h  o f  t h e  s h i e l d  r a m s
( i i i )  t h e  l e n g t h  o f  t h e  r i n g .
( i )  i s  r o u g h l y  c o n s t a n t ;  ( i i )  a n d  ( i i i )  a r e  r e l a t e d  a n d  l a r g e r  r i n g s  a r e  
g e n e r a l l y  s h o r t e r ,  ( 0.45  m  ( 1B  i n s . )  f o r  r i n g s  o v e r  6.46  m  (21 f t  2 l  i n s ) ,  
c o m p a r e d  t o  0 . 6  m  ( 2  f t )  f o r  t h e  F l e e t  l i n e  r u n n i n g  t u n n e l s  o f  4 . 0  r a  
( 1 3  I t  l y  i n s )  d i a m e t e r .  H e n c e ,  i n  p r o p o r t i o n  t o  t h e  t o t a l  v o l u m e  
e x c a v a t e d ,  t h e  l o s s  o f  g r o u n d  a s s o c i a t e d  w i t h  a  l a r g e  s h i e l d  d r i v e n  t u n n e l  
i s  l i k e l y  t o  b e  l e s s .
. . W i t h  h a n d  m i n i n g ,  t h e  e a r l y  r a d i a l  c o n v e r g e n c e  m a y  b o  l e s s o n e d  b y  ’ b u r y i n g  
t h e  h o o d 1 .  W i t h  a  t u n n e l l i n g  m a c h i n e  i t  i s  p o s s i b l e  t o  h a v e  t h e  e x c a v a t i n g  
p o r t  s e t  b a c k  i n t o  t h e  s h i e l d  a n d  o f  c o u r s e  t h e  s p e e d  o f  m a c h i n e s  i s  
p o t e n t i a l l y  h i g h .
T h e s e  m e a s u r e m e n t s  c o n f i r m  t h a t  t h e  e a r l y  p r a c t i c e  o f  d r i v i n g  a l i o  a d  o f  t h e  
f a c e  c o u l d  c a u s e  l a r g e  s e t t l e m e n t s —  i t  e f f e c t i v e l y  d o u b l e d  t h e  t i m e  f o r  
' w h i c h  t h e  c l a y  w a s  m o v i n g .
T h e  b e s t  a v a i l a b l e  c o m b i n a t i o n  o f  t h e s e  c o n v e r g e n c e  r e d u c i n g  f e a t u r e s  f o r  
4  i n  ( 1 2  f t )  t u n n e l s  i s  t h e  e x p a n d e d  l i n i n g  u s e d  w i t h  a  t u n n e l l i n g  m a c h i n e •  
T h e  s h i e l d  l e n g t h  i s  r e d u c e d  b y  o m i s s i o n  o f  t h e  t a i l  p l a t e  a n d  t h e  l i n i n g
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i s  i n  . p o s i t i o n  a n d  s u p p o r t i n g  t h e  g r o u n d  i n  a  v e r y  s h o r t  t i m e .
S u m m a r i s i n g  t h i s  C h a p t e r :
T h e  g r o u n d  c o n v e r g e s  a x i a l l y  a n d  r a d i a l l y  o n t o  t h e  c y l i n d r i c a l  s p a c e  c u t  
b y  a  s h i e l d  i n  L o n d o n  C l a y  b e f o r e  i t  i s  l i n e d .
M e a s u r e m e n t s  o x  t h e  m o v e m e n t  i n  g o o d  g r o u n d  h a v e  b e e n  m a d e  i n  t h e  h o r i z o n ­
t a l  p l a n e  c o n t a i n i n g  t h e  a x i s  o f  a n  a d v a n c i n g  t u n n e l .
' w h i l e  t h e  s h i e l d  ' w a s  p a s s i n g  a  p o i n t  i n  t h e  c l a y  n e a r  t h e  e d g e  o f  t h e  
a d v a n c i n g  t u n n e l  t h e  g r o u n d  s t a r t e d  m o v i n g  w h e n ' t h e  f r o n t  o f  t h e  s h i e l d  w a s  
o n e  t u n n e l  d i a m e t e r  a w a y  a n d  h a d  v i r t u a l l y  c e a s e d  w h e n  i t s  t a i l  w a s  o n e  
d i a m e t e r  p a s t .
T h e  e x t r a  g r o u n d  m i n e d  i n  t h e  t u n n e l  i s  m o r e  t h a n  ( s a y  t w i c e )  t h a t  l o s t  b y  
s u b s i d e n c e  a t  t h e  s u r f a c e .
C o n s i d e r a b l y  m o r e  ( s a y  s i x  t i m e s )  a s  m u c h  g r o u n d  e n t e r s  t h e  e x c a v a t i o n  
r a d i a l l y  a s  e n t e r s  f r o m  t h e  f a c e .
T h e  m e c h a n i s m  c a u s i n g  t h e  s w e l l i n g  o f  t h e  g r o u n d  ( i n  t h e  m i n e r s '  u s e  o f  
t h e  t e r m )  i s  p r o b a b l y  d i l a t a n c y  o f  t h e  c l a y  m a s s  c a u s e d  b y  m o v e m e n t s  a l o n g  
t h e  f i s s u r e  s u r f a c e s  a s  t h e  m a s s  i s  s h e a r e d , .
A t  d e p t h  i t  i s  l i k e l y  t h a t  m e r e l y  u n l o a d i n g  t h e  c l a y ,  a s  a t  t h e  b o u n d a r y  o f  
t h e  e x c a v a t i o n ,  c a u s e s  s h e a r  s t r a i n s ,  a p a r t  f r o m  t h e  a l t e r a t i o n  o f  s t r e s s  
c o n d i t i o n s  a r o u n d  t h e  e x c a v a t i o n .
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i t i i i F E i L H n C S S .  T O  C H A P T E R  F O U R
B A O M S ,  B  a n d  B E i f l & S U i U l K ,  H  ( 1 9 & 7 ) :  S t a b i l i t y  o f  c l a y  a t  v o r t i c a l  o p e n i n g s .
J n l  o f  t h e  S o i l  M e c h  a n d  F o u n d  D i v ,  A m  S o c  C i v  E n g r s ,  
v o l  9 3 ,  n o  S M I  .  P r o c - ' p a p e r  5 0 6 3 ,  J a n  1 9 & 7 ,  P P  7 1 - 9 4 * .
S L E M P T O K , .  A  W  ( 1961 ) :  H o r i z o n t a l  s t r e s s e s  i n  a n  o v e r c o n s o l i d a t e d  E o c e n e
c l a y .  P r o c  5 t h  I n i  C o n f  o n  S o i l  M e c h  a n d  F o u n d  E n g ,  P a r i s ,  
5  v o l  1 ,  p p  3 5 1 - 3 5 7 .
2 2 2
C I 3 A P T M  F I V E  ;
R E S U M E  A N D  C O N C L U S I O N S
T h e  L o n d o n  C l a y  a n d  t h o  L o n d o n  B a s i n  h a v e  b e e n  d e s c r i b e d  i n  t e r m s  o f  t h e  
g e o l o g i c a l  p r o c e s s e s  w h i c h  c r e a t e d  t h o r n i '  T h i s  g i v e s  a  v e r y  b r o a d  p i c t u r e  
a n d  l a t e r - w h e n  d e s c r i b i n g  h o w  e a r l i e r  e n g i n e e r s  t u n n e l l e d  t h r o u g h  i t ,  i t  
h a s  n o t  b e e n  n e c e s s a r y  t o  b e  p r e s u m p t i o u s  a b o u t  t h e  e x t e n t  o f  t h e i r  
a p p r e c i a t i o n  o f  t h e  p r o b l e m s *  T h e  r e s u l t s  t h e y  a c h i e v e d ,  a s  f a r  a s  t h e y  
a r e  k n o w n ,  s p e a k  f o r  t h e m s e l v e s *
T h e  p i c t u r e  i s  n o t  o n e  o f  c l a y  i n  t h e  s e n s e  o f - a  h o m o g e n e o u s  w a t e r - b o u n d  
a g g r e g a t e  o f  p a r t i c l e s  o f  l e s s  t h a n  2  p m  d i a m e t e r ,  b u t  o f  a n  e n v i r o n m e n t  
c h a n g i n g  i n  i t s  p h y s i c a l  p r o p e r t i e s  w i t h  p o s i t i o n  a n d  w i t h  d i r e c t i o n  • • . a i d  
e v e n  t i m e ,  c o n t a i n i n g  i n c l u s i o n s  o f ,  o r  l i a b l e  t o  i n v a s i o n  b y ,  v e r y  
d i f f e r e n t  m a t e r i a l s .
M i n e r s  o f  e x p e r i e n c e  d e v e l o p  a  f e e l  f o r ,  a n d  m o r e  i m p o r t a n t l y ,  a  r e s p e c t  
f o r ,  t h i s  m a t e r i a l  w h i c h  l e a d s  t h e  i n e x p e r i e n c e d  t o  q u e s t i o n ,  s a y ,  t h e  
n e c e s s i t y  o f  c l o s e  p o l i n g  a n d  g r o u t i n g  a  t w e l v o  f o o t  f a c e  w h i c h  i s - o n l y  
g o i n g  t o  b e  l e f t  f o r  a  w e e k e n d * ; .  S i m i l a r l y  t h e  e n g i n e e r  m a y  b e  a c c u s e d  o f  
o v e r d e s i g n i n g  l i n i n g s  a n d  h e a d  w a l l s .
I t  i s ,  t h e r e f o r e ,  n o t  i n a p p r o p r i a t e  t o  d e s c r i b e  t h e  p r a c t i c e  o f  t u n n e l l i n g  
a s  a n  a r t  a n d  t o  i n d i c a t e  i t s  p r o g r e s s  b y  d e s c r i b i n g  i t s  e v o l u t i o n  o v e r  
1 5 0  y e a r s  o r  s o  t h a t  i t  h a s  b e e n  e x t a n t .
E v o l u t i o n  i n  e n g i n e e r i n g  l i a s  m a n y  o f  t h e  a t t r i b u t e s  o f  D a r w i n i a n  e v o l u t i o n
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s u c h - a s . - p a r a l l e l  e v o l u t i o n ,  a s  e v i n c e d  b y  t h e  i n d e p e n d e n t  i n v e n t i o n  o f  t h e  
c i r c u l a r  t u n n e l l i n g  s h i e l d  b y  B a r l o w  i n  E n g l a n d  e n d  B e a c h  i n  A m e r i c a ,  t h e  
c o n t i n u a t i o n  o f  e a r l y  s i m p l e  f o r m s  w h i l s t ' - l a t e r ,  m o r e  s p e c i a l i s e d  f o r m s  d i e d  
o u t ,  o r  C o p e ' s  r u l e  t h a t  f o r m s  o n c e  d e v e l o p e d  t e n d  t o  e v o l v e  f r o m  s m a l l e r  
t o  l a r g e r  p h y s i c a l  d i m e n s i o n s .
F o r t u n a t e l y  i t  d o e s  n o t  p r e c l u d e  c r o s s  f e r t i l i s a t i o n  b e t w e e n  d i f f e r e n t  
s p e c i e s  o f  e n g i n e e r i n g  a n d  a g a i n  u n l i k e  b i o l o g i c a l  e v o l u t i o n ,  o n  a b e r r a n t  
t r e n d  o n c e  s t a r t e d  d o e s  n o t  h a v e  t o  b e  f o l l o w e d  b e y o n d  i t s  u s e f u l  s t a g e s .
T h e  s u r v i v e d ,  o f  a  p a r t i c u l a r  t u n n e l l i n g  m e t h o d  i s  p a r t l y  d u e  t o  w h e t h e r  t h e  
u s e  f o r  t h a t  k i n d  o f  t u n n e l  c o n t i n u e s .  A  b r e a k  i n  t i l l s  c o n t i n u i t y  m a y  
c a u s e  t h e  p r o b l e m  t o  b e  r e - t h o u g h t  o r  a  s o l u t i o n  w h i c h  h a s  b e e n  t h o u g h t  o u t ,  
b u t  n o t  a p p l i e d ,  m a y  b e  r e v i v e d .  T h u s  b r i c k  t u n n e l s ' ' w e r e  u s e d  c o n t i n u o u s l y
f o r  m a i n  l i n e  r a i l w a y s  b e t w e e n  1 8 3 7  a n d  1 9 1 3 *  b u t  t h e  b r e a k  b e t w e e n  t h e n  
a n d  1 9 5 3  c a u s e d  t h e  b o l t e d  i r o n  s t a g e  t o  b e  l e f t  o u t  a n d  c o n c r e t e  l i n i n g s  
w e r e  a d o p t e d .  D u r i n g  t h e  i n t e r v e n i n g  p e r i o d  t h e  s o c i a l  a n d  e c o n o m i c  
c o n d i t i o n s  h a d  c h a n g e d .  W e  m i g h t  s a y  t h a t  t h e  e v o l u t i o n a r y  d r i v i n g  f o r c e  
w a s  s o c i o - e c o n o m i c •
T o  a n  o l d - f a s h i o n e d  e c o n o m i s t  t h i s  t e r m  w o u l d  s u g g e s t ,  t h e  s o r t  o f  f e e d - b a c k  
p r o c e s s  i n  w h i c h  i n v e s t m e n t  r e s u l t s  i n  i n c r e a s e d  p r o s p e r i t y  w h i c h  i n  t u r n  
g i v e s  r i s e  t o  m o r e  i n v e s t m e n t .  T h i s  p r o c e s s  t e n d s  t o  s t a b i l i s e ;  i t  i s  
t h e  o n e  o p e r a t i n g  d u r i n g  p e r i o d s  o f  l i t t l e  e n g i n e e r i n g  c h a n g e .  B e t t e r  
w o r d s  f o r  o u r  p u r p o s e  w o u l d  b e  1 s o c i o - e c o l o g i c o l '  ( L a m p a r d ,  1 9 7 3 )  o r  
' a n t h r o p o - e c o l o g i c a l '  f o r  i t  i s  t h e  e f f e c t  t h a t  t h e  e n g i n e e r i n g  w o r k s  h a v e  
o n  t h e  s u r r o u n d i n g s  i n  w h i c h  p e o p l e  l i v e  d e t e r m i n e  t h e i r  r e a l  v a l u e .  T h e  
' t u b e '  t u n n e l s  a n d  a q u e d u c t s  d i d  n o t  p r o v i d e  f o r t u n e s  f o r  t h e i r  p r o m o t e r s ,
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b u t  t h e  s o c i a l  a n d  e n v i r o n m e n t a l .  b e n e f i t s  g u a r a n t e e d  t h e i r  c o n t i n u e d  d e m a n d ,  
o r ,  t o  r o s u m e  o u r  b i o l o g i c a l  a n a l o g y ,  t h e i r  p h y o g e n e t i c  p e r s i s t e n c e •
T h e  L o n d o n  t o  w h i c h  t h e  r a i l w a y s  \ ; e r e  b u i l t  w a s  t o p o g r a p h i c a l l y  G e o r g i a n  
L o n d o n  ( S u m m e r s o n ,  1 9 7 3 )  b u t  w i t h  i t s  p o p u l a t i o n  s w o l l e n  b y  c o u n t r y m e n  
d i s p l a c e d  b y  t h e . E n c l o s u r e  A c t s  a n d  b y  i m m i g r a n t s  d r i v e n  f r o m  E u r o p e  b y  t h e  
w a r s * .  T h e  l a t t e r  e a r n e d  t h e i r  l i v i n g s  p r o d u c i n g  l u x u r i e s  o f  t h e  d a y :  
f u r n i t u r e ,  l a c e ,  w a t c h e s  e t c  i n  s m a l l  w o r k s h o p s  i n  t h e  E a s t  E n d  a n d  n e a r  
t h e  V J e s t  E n d  s h o p s ;  t h e  o t h e r s  w e r e  e m p l o y e d  i n  m o r e  e v e r y d a y  t r a d e s :  
c a r p e n t r y ,  s a d d l e r y ,  c o a c h  b u i l d i n g ,  b r e w i n g  a n d  m a n y  o n  t h e  r i v e r *  T h e  
s u r p l u s  l a b o u r  d r i f t e d  t o  s h a n t y  t o w n s  o n  t h e  o u t s k i r t s  o f  t h e  t o w n ,  l i v i n g  
b y  c a s u a l  j o b s  o r  t h i e v i n g .  T h e  r a i l w a y s  w e r e  b u i l t  a c r o s s  t h e s e  s l u m s  
s u c h  a s  A g a r  T o w n  a n d  S o m e r s  T o w n  a n d  t e r m i n a t e d  o n  t h e  e d g e s  o f  t h e  
e s t a t e s  o f  t h e  D u k e s  o f  P o r t l a n d ,  B e d f o r d  a n d  D e v o n s h i r e .
B y  V i c t o r i a n  t i m e s  t h e  m o r e  s u c c e s s f u l  a r t e s i a n s  a n d  t h e  m i d d l e  c l a s s  w h o  
h a d  t h e  l e i s u r e  t o  w a l k  o r  t h e  w e a l t h  t o  r i d e  h a d  m o v e d  o u t  t o  t h e  s u r r o u n d ­
i n g  v i l l a g e s .  T h e  p o o r  r e m a i n e d  t r a p p e d  i n  t h e  c e n t r e  a n d  s t i l l  t h e  
d e n s i t y  o f  p o p u l a t i o n  w a s  i n c r e a s i n g .  T h e  d i s e a s e s  s u c h  a s  c h o l e r a ,  
t y p h u s ,  t y p h o i d  a n d  p h t l i i s i s  d u e  t o  o v e r c r o w d i n g ,  p r o v i d e d  t h e  - o n l y  c o n t r o l .  
A  n e w  p a t t e r n  o f  c i t y  l i f e  h a d  d e v e l o p e d :  a n  a n n u l u s  o f  p r o s p e r i t y  w i t h
p o v e r t y ,  s q u a l o r  a n d  d i s e a s e  i n s i d e  a n d  o u t s i d e .
O f f i c i a l  r e a c t i o n  t o  t h i s  vus  i n c l u d e d  i n  t h e  1 8 4 7 +  R a i l w a y  A c t  - w h i c h  
i n t r o d u c e d  ‘ P a r l i a m e n t a r y  t r a i n s '  f o r  w h i c h  t h e  f a r e s  c h a r g e d  w e r e  t o  b e
# T h e i r  G r a c e s '  w i s h e s  w e r e  b a c k e d  u p  b y  a  R o y a l  C o m m i s s i o n  ( T h e  C o m m i s s i o n e r  
o n  R a i l w a y  T e r m i n i  w i t h i n  o r  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  M e t r o p o l i s ,  
1 8 ^ 6 )  w h i c h  d e f i n e d  a n  a r e a  f r o m  w h i c h  t h e  r a i l w a y s  s h o u l d  b o  e x c l u d e d .  
U s i n g  m o d e r n  n a m e s  t h i s  e x t e n d e d  f r o m  E u s t o n  R o a d  i n  t h e  n o r t h  t o  t h e  
L a m b e t h  R o a d  i n  t h e  s o u t h ,  a n d  f r o m  P a r k  L a n e  i n  t h e  w e s t  t o  B i s h o p c g a t e  
i n  t h e  e a s t .
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l o w  e n o u g h  t o  a l l o w  t h e  p o o r  m a n  a l s o  t o  c o m m u t e *  A c t s  f o r  l a t e r  r a i l w a y s
w e r e  t o  i n c l u d e  p r o v i s i o n  f o r  1 w o r k m e n ’ . s .  t r a i n s 1 .  T h e  m a i n  l i n e  r a i l w a y s
o b e y e d  t h e  s p i r i t  r a t h e r  t h a n  t h e  l e t t e r  o f  s u c h  l e g i s l a t i o n  a n d  w e r e  h e l p e d  
b y  t h e  r e m o t e n e s s  o f  t h e  t e r m i n i  f r o m  t h e  C i t y  ( D y o s ,  1 9 5 7 ) .  H o w e v e r ,  t h e  
G r e a t  E a s t e r n  i n  1 8 7 4 >  i n  o r d e r  t o  o b t a i n  P a r l i a m e n t a r y  a p p r o v a l ,  f o r  i t s  
L i v e r j ^ o o l  S t r e e t  t e r m i n u s  w h i c h  e n t a i l e d  c l e a r i n g  a  l a r g e  a r e a  o f  w o r k i n g  
c l a s s  h o u s i n g ,  r e l u c t a n t l y  a g r e e d  t o  p r o v i d e  w o r k m e n ' s  t r a i n s  a t  t h e  l o w  
r a t e  o f  2d  f o r  a  r e t u r n  j o u r n e y  o f  u p  t o  t e n  m i l e s .  7 T h i s  r e s u l t e d  i n  t h e  
d e v e l o p m e n t  o f  I l f o r d ,  W a l t h a m s t o w ,  L e y t o n s t o n e  a n d  T o t t e n h a m  ( P e r k i n ,  1 9 7 0 )
B y  1 8 5 5  P a r l i a m e n t  w a s  r e c o m m e n d i n g  t h a t  t h e  t e r m i n i  s h o u l d  b e  c o n n e c t e d
w i t h  e a c h  o t h e r ,  t h e  C i t y ,  t h e  P o s t  O f f i c e  a n d  t h e  d o c k s .  T h e  M e t r o p o l i t a n
a n d  t h e  M e t r o p o l i t a n  D i s t r i c t  r a i l w a y s  s t a r t e d  i n  W e s t  L o n d o n  i n  1 8 6 8 ,  b u t
*$•
. i t  w a s ' , n o t  u n t i l  1 8 8 4  t h a t ,  l a r g e l y  d u e  t o  t h e  c a m p a i g n i n g  o f  t h e  C i t y  
S o l i c i t o r  S i r  C h a r l e s  P e a r s o n ,  t h e  I n n e r  C i r c l e  w a s  c o m p l e t e d  a n d  t h e  
r a i l w a y s  b e g a n  t o  l e s s e n  r a t h e r  t h a n  a d d  t o  t h e  o v e r c r o w d i n g  o f  L o n d o n .
T h e  C i t y  a n d  S o u t h  L o n d o n  R a i l w a y  w a s ' - t h e  f i r s t  r e a l  c o m m u t e r ' s  r a i l w a y ,  
a n d ,  h a v i n g  t o  d e r i v e  r e v e n u e  f r o m  p e a k  h o u r  p a s s e n g e r s  a n d  w i t h  n o  g o o d s  
t r a f f i c ,  w a s  n o t  t h e  c o m m e r c i a l  s u c c e s s  t h a t  m a n y  o f  t h e  s u r f a c e  r a i l w a y s  
h a d  b e e n .  T h e  f a r e  f r o m  S t o c k w e l l  t o  t h e  C i t y  ( 3- g  m i l e s )  w a s  2 d ,  b e f o r e
1 8 ^ 5  S e l e c t  C o m m i t t e e  o f  t h e  H o u s e  o f  C o m m o n s  o n  M e t r o p o l i t a n  C o m m u n i c a t i o n  
T h e  J o i n t  C o m m i t t e e  o n  R a i l w a y  S c h e m e s  ( M e t r o p o l i s )  o f  1 8 6 4  e n d o r s e d  t h e  
p r o p o s a l *  T h e  a l t e r n a t i v e  i d e a  o f  a  l a r g e ,  s h a r e d ,  c e n t r a l  t e r m i n u s  w a s  
f i n a l l y  k i l l e d  b y  t h e  1 8 6 3  S e l e c t  C o m m i t t e e  o f  t h e  H o u s e  o f  L o r d s  o n  
M e t r o p o l i t a n  R a i l w a y  C o m m u n i c a t i o n s *
"I*
P a r t  o f  t h i s  d e l a y  w a s  i n  r a i s i n g  m o n e y  f o r  t h e  m o r e  e x p e n s i v e  e n g i n e e r i n g  
i n  t h e  C i t y *  T h i s  i n c l u d e d  t h e  R a y  S t  a n d  W i d e n e d  L i n e s  t u n n e l s o .
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8  a . i i i * ;  t h e  j o u r n e y  c o u l d  b e  m a d e  f r o m  t h e  O v a l  f o r  1 d  ( J e n k i n s ,  1 8 9 2 ) *
T h i s  w a s  n o t  o n l y  m u c h  c h e a p e r  t h a n ' t h e - h o r s e  o m n i b u s e s  ( o u t s i d e  f a r e  a b o u t  
1 d  p e r  m i l e )  ( B a e d e k e r ,  1 8 9 5 ) ^  b u t  a b o u t  t h r e e  t i m e s  a s  q u i c k  -  a n  
i m p o r t a n t  c o n s i d e r a t i o n  f o r  t h e  a r t i s a n  w o r k i n g  v e r y  l o n g  h o u r s .  H i t h e r t o  
t r a m s  ( h o r s e - d r a w n  u n t i l  1 9 0 0 ) ,  n o t  b u s e s ,  h a d  b e e n  t h e  w o r k i n g  m a n ’ s  
t r a n s p o r t .  T r a m w a y s ,  h a d  a  s t a t u t o r y  o b l i g a t i o n  t o  o f f e r  w o r k m a n ’ s  f o x e s  
a t  I d  p e r  m i l e  ( R o w b o t h a m ,  1 8 7 2 ) •  S h a r i n g  t h e  s a m e  m e t h o d  o f  t r a c t i o n  a n d  
t h e  s a m e  o v e r c r o w d e d  s t r e e t s ,  t h e s e  t o o  w e r e  s l o w .  T h e  e l e c t r i c  u n d e r g r o u n d  
r a i l w a y s ,  a n d  l a t e r  t h e  e l e c t r i c  t r a m s ,  w e r e  a s  i m p o r t a n t  a s  B a s a l g e t t e ’ s  
s e w e r s  o r  K o c h ’ s  f o r m u l a t i o n  o f  t h e  a e t i o l o g y  o f  t u b e r c u l o s i s  a n d  t y p h o i d ,  
i n  r e h a b i l i t a t i n g  . c e n t r a l  L o n d o n  a n d  m a k i n g  i t  a b l e  t o  s u p p o r t  a  ( d a y t i m e ) ^  
w o r k i n g  p o p u l a t i o n  o f  i n c r e a s i n g  d e n s i t y .  P a r l i a m e n t a r y  i n s i s t e n c e  o n  
s t i l l  c h e a p e r  f a r e s  f o r  w o r k m e n ’  s  t r a i n s  o n  t h e  C e n t r a l  L o n d o n  - R a i l w a y  a n d  
l a t e r  l i n e s  i n  e x c h a n g e  f o r  f r e e d o m  t o  t u n n e l  b e n e a t h  t h e  L o n d o n  s t r e e t s  
( J o i n t  S e l e c t  C o m m i t t e e s  o f  1 8 9 2  a n d  1 9 0 1 )  s h o w s  t h a t  t h e r e  w a s  o f f i c i a l  
r e c o g n i t i o n  o f  t h e  s o c i o - e c o l o g i c a l  r e l a t i o n  o f  t h e  ’ t u b e s ’ t o  M e t r o p o l i s .
L a t e r ,  u n d e r  t h e  i n f l u e n c e  o f  Y e r k e s ,  t h e  ’ U n d e r g r o u n d ’  w a s  a c t u a l l y  a b l e  
t o  i n i t a t e  t h e  e x p a n s i o n  o f  L o n d o n  s u b u r b s ,  w h i l e - a t ' t h e  s a m e  t i m e  r e l i e v i n g  
t h e  c o n g e s t i o n  t h a t  t h e  l o n g  d i s t a n c e  c o m m u t e r . t r a f f i c ' w o u l d  c a u s e  a s  i t  
c o n v e r g e d  o n  i n n e r  L o n d o n .
H a v i n g  s t u d i e d  f a i r l y  c o m p r e h e n s i v e l y  t h e  d e v e l o p m e n t  o f  t u n n e l l i n g  i n  
L o n d o n  C l a y  i t  s e e m s  w i t h  h i n d s i g h t  t h a t  e a c h  s u c c e e d i n g  s t e p  f o l l o w e d  
f a i r l y  n a t u r a l l y  f r o m  t h e  p r e v i o u s  o n e .  Y J e  h a v e  a l r e a d y  s e e n  t h a t  
s u c c e s s f u l  t e c h n i q u e s  w e r e  c o n t i n u e d  u n c h a n g e d .  Y J e  a r e  r e m i n d e d  t h a t  t h i s  
i m p l i e s  t h a t  n e w  i d e a s  t e n d  t o  r e m a i n  d o r m a n t  u n l e s s  s o m e  c r i s i s  f o r c e s  
t h e i r  u s e  a n d  t h a t  i m p e r f e c t  i d e a s ,  i f  t r i e d  a t  a l l ,  s u r v i v e  b e c a u s e  t h e y
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are modified during the progress of the .work.
T h e  q u e s t i o n  n o w  a r i s e s  a s  t o  w h e t h e r  i t  i s  j u s t i f i a b l e  t o  i n t e r f e r e  w i t h ,  
t h i s  n a t u r a l  d r i f t  o f  t h e  t e c h n o l o g y .  ' Y e s  i f  i t  w i l l - m a k e  t h i n g s  c h e a p e r '  ■ 
i s  t h e  r e p l y  f r o m - t r a d i t i o n a l  e c o n o m i c / e n g i n e e r i n g / . a c c o u n t i n g  q u a r t e r s .
Y J e  n o w  s e e  t h a t  t h i s  m e a n s  ' Y e s ,  i f  i t  a n t i c i p a t e s  t h e  n e x t  c r i s i s ' .
H o w  c a n  t h e  s c i e n t i f i c  m e t h o d  a s s i s t  t h e  d e v e l o p m e n t  o f  a  - b a c k w a r d  
t e c h n o l o g y ?  A l t h o u g h  t e c h n o l o g y  i s  s u p p o s e d  t o  b e  a p p l i e d  s c i e n c e  a n y  
a r c h e o l o g i s t  k n o w s  t h e  t w o  n e e d  n o t  b e  i n t e r d e p e n d e n t  a n d  t h a t ,  f o r  i n s t a n c e ,  
b l a s t  f u r n a c e s  a n d  t a n n e r i e s  w e r e  w o r k i n g  l o n g  b e f o r e  c h e m i s t s  p o s t u l a t e d  
t h e  p r o c e s s  o f  r e d u c t i o n  o r  t h e  e x i s t e n c e  o f  c o l l a g e n  f i b r i l s .
S o  i f  t h e  s c i e n t i f i c  m e t h o d  i s  t o  b e  a p p l i e d  t o  t h e  r e l a t i v e l y  b a c k w a r d  
t u n n e l l i n g  i n d u s t r y ,  a  s t a r t i n g  p o i n t  i s  t o  m a k e  s o m e - q u a n t i f i a b l e  a s s e s s ­
m e n t s  o f  t h e  m o s t  c o m m o n l y  u s e d  c u r r e n t  m e t h o d s ,  a n d ,  w h i l e  t h e  u n b i a s e d  
e y e  i s  a v a i l a b l e ,  o b s e r v a t i o n a l  d a t a  c a n  b e  o b t a i n e d  a s  w e l l . .  T h e  n o x t  
s t a g e  i s  t o  r e p e a t  t h e s e  w i t h  s o m e  i n n o v a t i v e  m o t h o d s .  A n  o p p o r t u n i t y  
a r o s e  t o  m a k e  a l l  f o u r  k i n d s  o f  f i e l d  i n v e s t i g a t i o n .
A t  t h e  t i m e  t h e . w o r k  w a s  p l a n n e d  t h e  f a s t e s t  m e t h o d s  o f  e x c a v a t i o n  ' w e r e  n o t  
b e i n g  h a m p e r e d  b y  t h e  w a y  t h e  c l a y  w a s  c u t ,  b u t  b y  t h e  l o g i s t i c s  o f  t h e  
s p o i l  d i s p o s a l .  T h i s  w a s  n o t  o u r  p r o b l e m .
T h a t  t u n n e l s  s q u a t  h a d  b e e n  o b s e r v e d  a s  l o n g  a g o  a s  1 9 2 3  ( J o n e s  a n d  C u r r y ,  
1 9 2 6 ) .  T h a t  t h e  h o o p  s t r e s s  i n c r e a s e s  m o n o t o n i c a l l y  t o  a  v a l u e  c o r r e s ­
p o n d i n g  t o  t h e  o v e r b u r d e n  a c t i n g  h y d r o s t a t i c a l l y  h a d  b e e n  e s t a b l i s h e d  b y  
' w o r k e r s - a t ' t h e  B u i l d i n g  R e s e a r c h  S t a t i o n  ( Y J a r d  a n d  C h a p l i n ,  1 9 5 7 )  ( W a r d
a n d  T h o m a s ,  1 9 6 5 )  a n d  m e a s u r e m e n t s  h a d  b e e n  m a d e  o f  t h e  h o o p  s t r e s s  a n d  
d e f l e c t i o n s  o f  r i n g s  o f  c o n c r e t e  t u n n e l s  b y  t h e s e  a n d  o t h o r  w o r k e r s  e g  
T a t t e r s a i l ,  W a k e l i n g  a n d  W a r d  ( 1 9 5 5 ) ;  W o o d  a n d  G i b b  ( 1 9 7 1 ) ;  S m y t h -  
O s b o u r n e  ( 1 9 7 1 ) .  B e n d i n g  o f  t r a d i t i o n a l  i r o n  l i n i n g s  h a d  b o o n  l a r g e l y  
n e g l e c t e d ,  b u t  c r a c k e d  f l a n g e s  h a d  b e e n  f o u n d  a l t h o u g h  t h e  f i n d i n g s  d o  n o t  
a p p e a r  i n  t h e  l i t e r a t u r e .
M e a s u r e m e n t s  o f  s e t t l e m e n t  o f  t h e  g r o u n d  a b o v e  t u n n e l s  a r e  m a d e  r e g u l a r l y  
b u t  a r e  n o t  p u b l i s h e d .  T h e s e  a r e  m a d e  i n  t o w n s  a s  a  p r e c a u t i o n  a g a i n s t  
l e g a l  c l a i m s  f r o m  i n j u r i o u s  e f f e c t s  d u e  t o  t h e  t u n n e l l i n g .  B e c a u s e  i n  
t o w n s  t h e r e  a r e  m o v e m e n t s  d u e  t o  h e a v y  t r a f f i c  ( i n c l u d i n g  l o r r i e s  m o v i n g  
s p o i l  f r o m  t h e  t u n n e l l i n g  w o r k s )  m o i s t u r e  m o v e m e n t s  d u e  t o  r o a d s i d e  a n d  
g a r d e n  t r e e s ,  t h e r m a l  a n d  f r o s t  m o v e m e n t s  e t c  t h e y  d o  n o t  h o w e v e r  h a v e  m u c h  
s c i e n t i f i c  v a l u e .
T h e  f i e l d  o f  r e s e a r c h  t h e r e f o r e  w a s  t h e  d i s t o r t i o n  o f  i r o n  l i n i n g s - ' a n d ,  i f  
p o s s i b l e ,  t h e  m o v e m e n t s  i n  t h e  c l a y  w h i c h  c a u s e d  t h e m .  U n f o r t u n a t e l y  o u r  
s i t e  t o o  w a s  b u i l t - u p ,  b u t  i t  w a s  p o s s i b l e  t o  p l a c e  o n e s e l f ,  i n  a  s e n s e ,  
i n  t h e  g r o u n d  a h e a d  o f  a n  a d v a n c i n g  9  m  (29  f t  6  i n s )  d i a m e t e r  t u n n e l  a n d  
a l o n g s i d e  a  3 « 8  m  ( 1 2  f t  7  i n s )  d i a m e t e r  t u n n e l .
T h e  c r i s i s  e n v i s a g e d  w a s  a  f u t u r e  s h o r t a g e  o f  i r o n  a n d  m e t a l l u r g i c a l  c o k e  
a n d  t h e  i n n o v a t i o n  w a s  s a v i n g  i r o n  t h r o u g h  i n c r e a s i n g  t h e  s t r e n g t h  a n d  
i m p a c t  r e s i s t a n c e  o f  c a s t i n g s ,  b y  a l t e r i n g  t h e i r  m e t a l l u r g i c a l  s t r u c t u r e .  
T h e  r e s u l t i n g  ‘ s p h e r o i d a l  g r a p h i t e  c a s t  i r o n *  h a d  a l r e a d y  b e e n  u s e d  i n  
c o m m e r c i a l l y  a v a i l a b l e  p i p e s .  I t s  u s e  c o u l d  m a k e  t u n n e l  s e g m e n t s  t w o  o r  
t h r e e  t i m e s  l i g h t e r  t h a n  p r e v i o u s l y .  T o  d o  t h i s  b y  s t r u c t u r a l  d e s i g n  
w o u l d  r e q u i r e  a  c o n f i d e n c e  a b o u t  t h e  c o n d i t i o n s  i n  t h e  g r o u n d  w h i c h  w o u l d
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b e .  u n j u s t i f i a b l e  b e a r i n g  i n  m i n d  t h e  l i n e a r  e x t e n t  o f  a  t u n n e l  a n d  t h e  
l a t e r a l  v a r i a t i o n  i n  t h e  p r o p e r t i e s  o f  L o n d o n  C l a y .  .
T h e  a l t e r a t i o n  t o  t h e  i r o n  i s  a c h i e v e d  b y  a d d i n g  m a g n c s i u n  o r  c e r i u m  t o  t h e  
m e l t ;  i t  a l s o  r e q u i r e s  c a r e f u l  m e t a l l u r g i c a l  c o n t r o l .  T h e  p r e s e n t - d a y  
p r i c e  i s  a b o u t  t w i c e  t h a t ' o f  o r d i n a r y  . f l a k e  g r a p h i t e  c a s t - i r o n  s o  t h e  
e x p e r i m e n t a l  r i n g s  w e r e  n o  c h e a p e r  t h a n  t h e  o l d  o n e s ,  b u t  s i n c e  t h e  r i c h e r  
i r o n  o r e s  a r e  b e i n g  r a p i d l y  d e p l e t e d  w h e r e a s  m a g n e s i u m  i s  a v a i l a b l e  f r o m  
s e a w a t e r ,  t h e  s i t u a t i o n  w i l l  c h a n g e .
G i v e n  t h e  o p p o r t u n i t y  t o  i n s t a l l  a  n o v e l  l i n i n g  i t  s e e m e d ,  f r o m  t h e  
e n g i n e e r i n g  p o i n t  o f  v i e w ,  s e n s i b l e  t o  e m b o d y  i n  t h e  d e s i g n  a n y  i m p l i c a t i o n s  
o f  t h e  i n i t i a l  c h a n g e  f r o m  f l a k e  g r a p h i t e  t o  s p h e r o i d a l  g r a p h i t e  i r o n .
F r o m  t h e  s c i e n t i f i c . v i e w p o i n t ,  i f - t h e r e  w e r e ' m o r e  t h e m  o n e  c h a n g e ,  e a c h  o n e  
s h o u l d  b e  g i v e n  a  s e p a r a t e  t r i a l ,  s o  t h a t  t h e  e f f e c t s  o f  e a c h  c h a n g e  c o u l d  
b e  s e p a r a t e d .  F r o m  t h e  a d m i n i s t r a t o r s 1 p o i n t  o f  v i e w ,  i t  w a s  b e t t e r  
s i n c e  t h e  t u n n e l  f o r m e d  p a r t  o f  t h e  w o r k  o f  e x t e n d i n g . t h e  r a i l w a y ,  a  p u b l i c  
a s s e t ,  a t  p u b l i c  e x p e n s e ,  t o  h a v e  t h e  t r i a l  l e n g t h  i n  o n e  k i n d  o f  l i n i n g  
a n d  f o r  t h a t  l i n i n g  t o  d i f f e r  a s  l i t t l e  a s  p o s s i b l e  f r o m  t h e  o n e  t h a t  w a s  
f a m i l i a r  t o  t h e  m i n e r s .
T h e  c o m p r o m i s e  a d o p t e d ,  i n v o l v e d  t w o  c h a n g e s ,  t h i n n i n g  t h e  s e c t i o n  a n d  
d o u b l i n g  t h e  n u m b e r  o f  c r o s s  j o i n t s ;  b o t h  w e r e  i n c l u d e d  i n  t h e  s a m e  d e s i g n  
a n d  t h i s  w a s  u s e d  f o r  o n e  l e n g t h  o f  t u n n e l ,  .
W h e n  t h e  r e s u l t i n g  p a n - s h a p e d  s e g m e n t s  w e r e  t e s t e d  i n  t h e  l a b o r a t o r y  t h e i r  
f l e x u r a l ' s t i f f n e s s  w a s  s e e n  t o  b e  d u e  m o s t l y  t o  t h e i r  f l a n g e s  b e c a u s e  t h e  
s k i n  w a s  n o t  c o n s t r a i n e d  t o  a c t  w i t h  t h e m .  B e s i d e s  p r o v i d i n g  a n  u n d e r s t a n d i n g
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o f  t h e  r e l a t i o n  b e t w e e n  a p p l i e d  b e n d i n g  a n d  t h e  r e s u l t s  f r o m  t h e  s t r a i n  
g a u g e s  o n  t h e  f l a n g e s  o f  t h e  e x p e r i m e n t a l  s e g m e n t s ,  t h i s  m e c h a n i s m  i s  o f  
i n t e r e s t  b e c a u s e ,  t o  a  l e s s e r  d e g r e e ,  i t  o p e r a t e s  i n  c o n v e n t i o n a l  s e g m e n t s .  
T h e  p a n - s h a p e d  e x p e r i m e n t a l  s e g m e n t s  p r o v i d e d  a  m o d e l  o f  t h e  w a y  o r d i n a r y  
s e g m e n t s  b e h a v e .
O t h e r  t e s t s  ( F i g  3 0 )  s h o w e d  t h a t  t h e  c r o s s  f l a n g e s  o f  t h e  G G  i r o n  s e g m e n t  
s i m i l a r l y  e x a g g e r a t e d  t h e  b e h a v i o u r  o f  t h e  f l a n g e s  f o r m i n g  t h e  c r o s s  j o i n t  
b e t w e e n  a  p a i r  o f  o r d i n a r y  s e g m e n t s  s u b j e c t e d  t o  b e n d i n g .  W h e n ,  a s  i n  
s e r v i c e ,  t h e  l i n i n g  r i n g  c a r r i e s  a  h o o p  l o a d ,  t h e  c r o s s  j o i n t  f l a n g e  h a s  
b u t  l i t t l e  f u n c t i o n .  T h o s e  p a r t s  o f  t h e  c r o s s  f l a n g e  w h i c h - a r e  b a c k e d - u p  
b y  t h e  c i r c u m f e r e n t i a l  f l a n g e s  c a r r y  t h e  t h r u s t ;  t h e  s k i n  b e h a v e s  a s  i t  
d o e s  w h e n  t h e  j o i n t  i s  s u b j e c t e d  t o  p o s i t i v e  b e n d i n g ,  o n l y  t h e  p a r t  c l o s e  
t o  t h e  c i r c u m f e r e n t i a l  f l a n g e  a c t s  w i t h  i t .  I f  c i r c u m f e r e n t i a l  b e n d i n g  i s  
s u p e r i m p o s e d  o n  t h e  h o o p  l o a d  t h e  t h r u s t  b e c o m e s  c o n c e n t r a t e d  t o w a r d s  t h e  
t i p  o r  r o o t  o f  t h e  c i r c u m f e r e n t i a l  f l a n g e  a n d ,  i f  b e n d i n g  i s  s e v e r e  e n o u g h  
t o  f o r m  a  h i n g e , ' o n l y  t h e  c o r n e r s  o f  t h e  c r o s s  f l a n g e  a r e  s e v e r e l y  s t r e s s e d  
( i n  c o n t r a s t  t o  t h e  l i n e  l o a d i n g  t h a t  w o u l d  o c c u r  i f  t h e  s e g m e n t s  w e r e  
v o u s s o i r s . )
T h e  l o c a l  f l e x i b i l i t y  o f  t h e  t h i n  S G  i r o n  s e g m e n t s  a l l o w e d  t h e  r i g i d i t y  o f  
a  i d i o l e  s e g m e n t  t o  c h a n g e  a c c o r d i n g  t o  t h e  w a y  i t s  b a c k  w a s  c o n s t r a i n e d .  
A l s o  a  u n i f o r m  p r e s  s i r e  o n  t h e  b a c k  o f  o n e  w o u l d  c a u s e  i t s  f l a n g e s  t o  b e n d  
e v e n  t h o u g h  n o  e x t e r n a l  c o u p l e  h a d  b e e n  a p p l i e d .  A l s o ,  b e c a u s e  o f  t h e  
t o r s i o n a l  f l e x i b i l i t y  o f  t h e  c i r c u m f e r e n t i a l  f l a n g e s ,  c a r e  h a d  t o  b o  t a k e n  
i n  r e c o g n i s i n g  c i r c u m f e r e n t i a l  b e n d i n g .  T h e  m e a s u r e m e n t s  o f  b e n d i n g  w e r e  
l e f t  a s  c u r v a t u r e  s o  a s  n o t  t o  b e g  t h e  q u e s t i o n s  o f  h o w  m u c h  o f  t h e  s e g m e n t  
w a s  i n v o l v e d  a n d  w h a t  i t s  s t i f f n e s s  w a s .  T h e  s t r a i n  g a u g e s  b e h a v e d  i n  a
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. g e n e r a l l y  s a t i s f a c t o r y  m a i m e r  b u t  i n  n e i t h e r  t h e  t w e l v e  n o r  t h e  s i x  
■ s e g m e n t  r i n g s  c o u l d  t h e y  b e  u s e d  t o  g i v e  v a l u e s  o f  l o c a l  h o o p  s t r e s s .
T h e  a v e r a g e  h o o p  s t r e s s  r o u n d  t h e  w h o l e  o f  e i t h e r  r i n g  w a s  r e l i a b l y  
m e a s u r e d ,  h o w e v e r *
A l l o w i n g  f o r  t h e s e  e f f e c t s  d u e  t o  l o c a l  f l e x i b i l i t y  a n d  r e c a l l i n g  t h a t  t h e  
m o d u l i  o f  . - f l e x u r a l  r i g i d i t y  o f  t h e  t w o  k i n d s ' o f  s e g m e n t  w o r e  a p p r o x i m a t e l y  
e q u a l ,  t h e  f i r s t  p a r t  o f  t h e  f i e l d  e x p e r i m e n t  m a y  b e  r e g a r d e d ,  i n  i t s  
b r o a d e s t  a s p e c t ,  a s  a  c o m p a r i s o n  o f  a  l e n g t h  o f  t u n n e l  b u i l t  w i t h  r i n g s  o f  
s i x  s e g m e n t s - a n d  a . k e y - w i t h  o n e  b u i l t  w i t h  r i n g s  o f  t w e l v e  s e g m e n t s  a n d  a  
k e y *
T h i s  f i r s t  p a r t ,  s h o w e d  t h a t  b o t h  l e n g t h s  o f  t u n n e l s  w e r e  q u i t e  s a f e  u p  t o  
a n d  ' i n c l u d i n g  t h e  t i m e  w h e n  t h e  t w i n  t u n n e l  w a s  d r i v e n  a l o n g s i d e .  T w i n . - ,  
t u n n e l s  a r e  n o r m a l l y  d r i v e n  a t  6.4  m  ( 2 1  f t )  c e n t r e s .  I n  t h i s  s i z e  o f  
l i n i n g ,  t h i s  i s  a n  e d g e  t o  e d g e  s p a c i n g  o f  V ?  ° f  a  d i a m e t e r  ( O D ) .  A t  
B r i x b o n  t h e  e d g e  t o  e d g e  s p a c i n g  w a s  V o  o f  a  d i a m e t e r .
C a s t  i r o n  t u n n e l ,  l i n i n g s  h a v e  s o m e t i m e s  f a i l e d  w h e n  o t h e r  t u n n e l s  h a v e  b e e n  
d r i v e n  c l o s e  t o  t h e m .  T h e  d a m a g e  o b s e r v e d  h a s  b e e n  t e n s i l e  f a i l u r e  o f  t h e  
f l a n g e s  a b o v e  a i d  b e l o w  t h e  p o i n t  a t  w h i c h - t h e  o t h e r  t u n n e l  w a s  c l o s e s t .
A t  t h i s  l a t t e r  p o i n t  t h e  f l a n g e s  a r e  i n  c o m p r e s s i o n  a n d  t h e  b a c k  o f  t h e  
s e g m e n t  i s  i n  t e n s i o n .  I t  i s  u n l i k e l y  t h a t  u n s e e n  t e n s i l e  f a i l u r e s  o c c u r  
i n  t h e  b a c k  o f  t h e  s e g m e n t  b e c a u s e  i t  i s  c l o s e  t o  t h e  n e u t r a l  a z d L s  o f  t h e  
s e c t i o n  o f  t h e  s e g m e n t  ( s e e  T a b l e  3)0  T h e  t i p s  o f  t h e  f l a n g e s  a r c  m u c h  
m o r e  v u l n e r a b l e ,  e s p e c i a l l y  n e a r  b o l t  h o l e s .  H o w e v e r ,  t h e  a u t h o r  h a d  o n  a n  
e a r l i e r  o c c a s i o n  m e a s u r e d  t h e  d i s t r i b u t i o n  o f  r e s i d u a l  s t r e s s e s  i n  a  t u n n e l  
s e g m e n t  a n d  f o u n d  t h a t  t h e r e  w e r e  l o c k e d - u p  c o m p r e s s i v e  s t r e s s e s  i n  t h e
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f l a n g e s  o x  a r o u n d  3 0 - 4 5  H l l / i i T  ( 2 - 3  t o n s / i n ^ )  w h i c h  r e d u c e  t h e  d a n g  o r *  A  
. ■ . v i s i t  t o  t h e  f o u n d r y  c o n f i r m s  t h a t  s e g m e n t s  a r e  s t i l l  c a s t  i n  t h e  m a n n e r  
' w h i c h  c a u s e s  t h i s  s t r e s s  d i s t r i b u t i o n  o n  c o o l i n g .
T h e  f a i l u r e s  o c c u r r e d  i n  t u n n e l s  w h i c h  h a d  m u c h  s m a l l e r  t u n n e l s  d r i v e n  
c l o s e  t o  t h e m .  T h e  r e s u l t i n g  b e n d i n g  w o u l d  h a v e  b e e n  l o c a l i s e d .  I n  p a i r s  
o f  e q u a l l y  s i z e d  t u n n e l s  ( a s  a t  B r i x t o n )  n o t  o n l y  i s  t h e  b e n d i n g  m o r e  s p r e a d  
b u t  i t  i s  p o s s i b l e  t h a t  t h e  w h o l e  o f  t h e  f i r s t  d r i v e n  t u n n e l  m a y  m o v e  
t o w a r d s  t h e  s e c o n d  o n e  s o  t h a t ,  a l t h o u g h  . t h e  a b s o l u t e  d i s p l a c e m e n t s  m a y ' b e  
q u i t e  l a r g e ,  r e l a t i v e  t o  o n e  a n o t h e r  t h e y  o r e  n o t  l a r g e  e n o u g h  t o  c a u s e  
u n d u e  d i s t o r t i o n  o f  t h e  l i n i n g .
D i s t o r t i o n  o f  t h e  e x p e r i m e n t a l  t w e l v e - s e g m e n t  S G  i r o n  r i n g  w a s  a b o u t  4 0  p e r
"  i -
c e n t  g r e a t e r  t h a n  t h a t  o f  t h e  n o r m a l  s i x - s e g m e n t  r i n g  o f  o r d i n a r y  i r o n .
T l i i s  d i s t o r t i o n  w a s  a c c e p t a b l e .  I t  w a s  d u e  t o  h i n g i n g  a t  t h e  b u t t - j o i n t s  
o f  t h e  r i n g ,  b e c a u s e  t h e  r i n g  w a s  u n d e r  h o o p  s t r e s s  t h i s  h i n g i n g  c a u s e d  t h e  
l i n e  o f  . - t h r u s t  t o  m o v e ,  t h a t  i s ,  i t  c a u s e d  b e n d i n g  s t r e s s e s ,  w h i c h  w e r e  
h i g h e r  i n  t h e  t w e l v e - s e g m e n t  r i n g  t h a n  i n  t h e  s i x - s e g m e n t  r i n g .  I f  k n u c k l e d  
c r o s s  j o i n t s  h a d  b e e n  u s e d  t h i s  b e n d i n g  w o u l d  h a v e  b e e n  r e d u c e d ,  p r o b a b l y  
t o  a  v a l u e  w h i c h  w a s  l e s s  t h a n  t h a t  m e a s u r e d  i n  t h e  s i x - s e g m e n t  r i n g .
I n  n e i t h e r  l e n g t h  c o n t a i n i n g  i n s t r u m e n t e d  r i n g  w o r e  t h e  r i n g s  b u i l t  t o  
‘ b r e a k  j o i n t 1 .  T h e  l e n g t h s  ( i n  o r d i n a r y  s i x - s e g m e n t  1 2  f t  7  i n .  i r o n ) - u p  
t o  a n d  a f t e r  t h e  t r i a l s  l e n t h s  d i d  b r e a k  j o i n t .  T h e  o b j e c t  w a s ,  o f  c o u r s e ,  
t o  s t i f f e n  t h e  t u n n e l  a n d  i t  j D r o b a b l y  d i d  s o .  I t  a l s o  p r o b a b l y  i n c r e a s e d  
t h e  b e n d i n g  i n  s o m e  o f  t h e  r i n g s  b u t  n o n e  o f  t h e  i r o n  f a i l e d  s o  i t  i s  
c o n c l u d e d  t h a t  i n  t h i s  c a s e  i t  w a s  n e i t h e r  n e c e s s a r y  n o r  h a r m f u l .
N e a r l y  a l l  t h e  d i s t o r t i o n  o f  t h e  s i x - w e e k  o l d  f i r s t  t u n n e l  o c c u r r e d  w h i l e
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t h e  f a c e  o f  t h e  p a s s i n g  t u n n e l  w a s  b e t w e e n  o n e  d i a m e t e r  b e f o r e  a n d  o n e  
. . d i a m e t e r  a f t e r  t h e  p o i n t  o f  o b s e r v a t i o n ®  T h e  h o o p  t l i r u s t  i n  t h e  f i r s t  
t u n n e l  w a s  i n c r e a s e d  b y  a b o u t  1 0  p e r  c e n t  o f  t h e  f u l l  o v e r b u r d e n  a c t i n g  
h y d r o s t a t i c a l l y .  T h e  r e s u l t s  a c c o r d  w i t h  p r e v i o u s  w o r k  o n  t w i n  t u n n e l s  
w i t h  w i d e r  s p a c i n g s #  '
. M e a s u r e m e n t s .  w e r e  c o n t i n u e d  a f t e r  t h e  s e c o n d  t u n n e l  w a s  c o m p l e t e d  a n d  
c o n t i n u e d  u n t i l ' - t h e s e ' t w o  3 * 8  m  ( 1 2 - j g  f t )  d i a m e t e r  t u n n e l s  w e r e  s u r r o u n d e d  
b y  a  9 m  ( 2 9  f t  6  i n s )  d i a m e t e r  i r o n  l i n i n g  a n d  d i s m a n t l e d .  I t  w i l l  b e  
r e c a l l e d  t h a t  a  2 . 2  m  ( 7 . f t )  d i a m e t e r  p i l o t  t u n n e l  w a s  d r i v e n . c e n t r a l l y  
a b o v e  t h e  p a i r  o f  3 * 8  m  ( 1 2 - J -  f t )  d i a m e t e r  t u n n e l s  t o  f a c i l i t a t e  t h i s  ( F i g  3 3 ) •  .
T h e  h o o p  s t r e s s e s  m e a s u r e d  i n  t h e  t w o  i n s t r u m e n t e d  r i n g s '  w h i c h  h a d  b e e n  
i n c r e a s i n g  b e f o r e  a n d  w h i l e  t h e  s e c o n d  t u n n e l ' w a s  d r i v e n  p a s t ,  . r e m a i n e d  
n e a r l y  c o n s t a n t  f o r  s o m e  m o n t h s • •  T h i s  i s  a t t r i b u t e d  t o  t h e  c l a y  b e i n g  
m o r e  t h a n ,  u s u a l l y  d i s t u r b e d  b y  t h e  v e r y  c l o s e  t v / i n  t u n n e l *  A s  t h e  p r e s s u r e  
b u i l t  u p  o n  t h e  o u t s i d e  o f  t h e  v e r y  d i s t u r b e d  z o n e  i m m e d i a t e l y  a r o u n d  t h e  
t w i n ' t u n n e l  t h e r e  w o u l d  b e  a  p e r i o d  d u r i n g  w h i c h  t h e r e  w a s  s o m e  r e - c l o s i n g  
o f  t h e  f i s s u r e s  b e f o r e  t h e  i n c r e a s i n g  p r e s s u r e  w a s  t r a n s m i t t e d  t o  t h e  
l i n i n g s . '
W h e n  t h e  2 . 2  m  ( 7  f t )  p i l o t ,  t u n n e l  w a s  d r i v e n  i t  c a u s e d  a  t e m p o r a r y  r e d u c t i o n  
i n  h o o p  s t r e s s  i n  t h e  i n s t r u m e n t e d  r i n g s  w h i c h  w a s  n o t  o b s e r v e d  w h e n  t h e  
s e c o n d  3 * 8  m  t u n n e l  p a s s e d .  W h e t h e r  t h i s  i s  d u e  t o  t h e  m o r e  d i s t u r b e d  
s t a t e  o f  t h e  g r o u n d ,  o r  w h e t h e r  i t  i s  d u e  t o  t h e  s l o w ,  s p e e d  a t  w l i i c h  t h e  
2 . 2  r a  ( 7  f t )  t u n n e l  a d v a n c e d ,  o r  t o  b o t h  f a c t o r s ,  i s  n o t  k n o w n .
T h e  p e a k  h o o p  s t r e s s e s  i n  b o t h  o b s e r v e d  r i n g s  w e r e  r e a c h e d  w h e n  t h e  m a i n
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9  m  ( 2 9  . ' f t  6  i n s )  f a c e  w a s  a t  a  d i s t a n c e  f r o m  t h e m  e q u a l  t o  h a l f  i t s  
d i a m e t e r *  I n  e a c h  r i n g  t h e  v a l u e  o f  t h i s  s t r e s s  w a s  e q u a l  t o  h a l f  t h a t  
w h i c h  w o u l d  b e  c a u s e d  b y  t h e  f u l l  o v e r b u r d e n  a c t i n g  h y d r o s t a t i c a l l y .  
I n d e e d ,  t h r o u g h o u t  t h e  p e r i o d  o f  o b s e r v a t i o n s  t h e  p r e s s u r e s  d e d u c e d  f r o m  
t h e  s t r a i n  g a u g e  r e a d i n g s  f r o m  t h e  t w o  r i n g s  a g r e e d  w i t h  e a c h  o t h e r .
T h e  f i r s t  i n d i c a t i o n  t h a t  t h e  9  i n  ( 2 9  f t  6  i n s )  f a c e  v / a s  a p p r o a c h i n g  w a s  
t h e  s m a l l  i n c r e a s e  i n  h o o p  s t r e s s  w h e n  i t  w a s  a b o u t  2 7  m  ( 9 0  f t )  a w a y .
T h i s  d i s t a n c e  i s  e q u a l  t o  t h e  d e p t h  o f  t h e  m a i n  t u n n e l  i n v e r t .  S u r f a c e  
s u b s i d e n c e  i s  u s u a l l y  f o u n d  t o  b e g i n  o n  t u n n e l  d e p t h  a h e a d  o f  t h e  f a c e  i n  
L o n d o n  C l a y .  P e r h a p s  i f  m o r e  a c c u r a t e  m e a s u r e m e n t s  c o u l d  b e  m a d e ,  t h e  
d i s t a n c e  w o u l d  b e  f o u n d  t o  b e  g r e a t e r .  O n  t h e  o t h e r  h a n d  t h e  s h e a r  zone 
o n  t h e  l i p  o f  t h e  s u b s i d e n c e  t r o u g h  m a y  c a u s e  d i l a t i o n  o f  t h e  s o i l  a n d  
u p l i f t  w h i c h  p e r h a p s  d e l a y s  t h e  a p p e a r a n c e  o f  s u r f a c e  s u b s i d e n c e .  U p l i f t  
p r e c e e d i n g  t h e  s u b s i d e n c e  h a s  b e e n  r e p o r t e d  ( M o r g a n  a n d  B a r t l e t t ,  1 9 6 9 ;  
B u b b e r s ,  1 9 7 1  ) • ■  T h e  r e l a t i o n  b e t w e e n  s h e a r i n g ,  d i l a t i o n  a n d  c o m p r e s s i o n ,  
n o  d o u b t  a r i s e s  f r o m  t h e  f a c t  t h a t  i n  g e n e r a l  t h e  f i s s u r e  s u r f a c e s  a r e  n o t  
p l a n e *  M o v e m e n t  a l o n g  a  f i s s u r e  b e t w e e n  t w o  b l o c k s  t h e r e f o r e  c a u s e s  t h e m  
t o  m o v e  a p a r t .  S h e a r i n g  o f  a  m a s s  o f  c l a y  r e s u l t s  i n  m a n y  s u c h  s l i d i n g  
m o v e m e n t s  a l o n g  m a n y  f i s s u r e s  e a c h  o f  w h i c h  p r o d u c e s  a n  a s s o c i a t e d  o p e n i n g  
o f  t h e  f i s s u r e  s o  t h a t  t h e  w h o l e  m a s s  e x p a n d s .  I f  i t  i s  n o t  f r e e  t o  
e x p a n d  t h e  a v e r a g e  p r e s s u r e  b e t w e e n  a d j a c e n t  b l o c k s  o f  c l a y  w i l l  i n c r e a s e ,  
t h a t  i s  a  c o m p r e s s i v e  s t r e s s  w i l l  d e v e l o p  i n  t h e  c l a y  m a s s .  T h i s  i s  t h e  
f i r s t  t i m e  t h a t  a n  o p p o r t u n i t y  h a s  o c c u r r e d  f o r  m a k i n g  a  m e a s u r e m e n t  o f ,  
o r  a t  l e a s t  r e l a t e d  t o ,  s u c h  a  c o m p r e s s i o n  a h e a d  o f  a n  a d v a n c i n g  f a c e .
T h e  o b s e r v a t i o n s  o f  l o c a l  b e n d i n g  a n d  o f  d i a m e t r i c a l  d i s t o r t i o n  f o r  t h i s  
l a t t e r  p e r i o d  d o  s h o w  s o m e  d i f f e r e n c e  b e t w e e n  t h e  b e h a v i o u r  o f  t h e  t w e l v e -
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s e g m e n t  r i n g  a n d  t h a t  o f  t h e  s i x - s e g m e n t  r i n g *  T h e  d i a m e t r i c a l  d i s t o r t i o n  
d u e  t o  t h e  2 . 2  m  ( 7  f t )  t u n n e l  b e i n g  d r i v e n  p a s t  w a s  ( a s  w i t h  t h e  s e c o n d  
3 . 8  m  t u n n e l )  g r e a t e r  i n  t h e  t w e l v e - s e g m e n t  r i n g  t h a n  i n  t h e  s i x - s e g m e n t  
r i n g .  I n  t h e  t w e l v e - s e g m e n t  r i n g  t h e r e  w e r e  v i o l e n t  f l u c t u a t i o n s  i n  t h e  
l o c a l  b e n d i n g  s t r a i n s  w h e r e a s  t h o s e  m e a s u r e d  i n  t h e  s i x - s e g m e n t  r i n g  c h a n g e d  
f a i r l y  s m o o t h l y .  T h i s  i s  d u e  t o  t h e  g r e a t e r  r o t a t i o n  o f  t h e  s h o r t  s e g m e n t s  
i n  t h e  p l a n e  o f  t h e  r i n g  w h i l s t  t h e  p r e s s u r e  b e h i n d  t h e m  w a s  f l u c t u a t i n g .
T h e y  c o u l d  r o c k  f a r  e n o u g h  f o r  t h e  l i n e  o f  t h r u s t  t o  b e  s u d d e n l y  t r a n s f e r r e d  
t o  t h e  e d g e  o f  t h e  s e c t i o n  o f  t h e  r i n g .  T h i s  t e n d e n c y  f o r  r o t a t i o n  
p r o v i d e s  a  w a r n i n g  t h a t  i f  a  r i n g  w e r e  m a d e  w i t h  a  l a r g e r  n u m b e r  o f  
f l e x i b l e  j o i n t s  t h e r e  w o u l d  b e  a  d a n g e r  t h a t  i t  c o u l d  b u c k l e  i s  u s e d  u n w i s e l y
H o w e v e r *  t h e  c o n c l u s i o n s ,  d r a w n  f r o m  t h e  e v i d e n c e  p r o v i d e d  b y  t h e s e  m e a s u r e ­
m e n t s ,  o r e  t h a t  f o r  n o r m a l  u s e  i n  L o n d o n  C l a y  a  l i n i n g  s h o u l d  b e  d e s i g n e d  
■ w i t h  k n u c k l e  j o i n t s  a n d  s e g m e n t s  o f  s u f f i c i e n t  f l e x i b i l i t y  t h a t  i t  c a n  
c o n f o r m  t o  t h e  s h a p e  t a k e n  b y  t h e  t w e l v e - s e g m e n t  r i n g .  T h i s  p r o b a b l y  
d i f f e r s  l i t t l e  f r o m  t h e  s h a p e  t h a t  w o u l d  b e  t a k e n  b y  a  m u c h  m o r e  f l e x i b l e  
r i n g .  I n  p r a c t i c e  t h e  f l e x i b i l i t y  o f  t h e  s e g m e n t s  w o u l d  b e  d e t e r m i n e d  b y  
t h e i r  b e h a v i o u r  w h e n  t r a n s p o r t e d  t o  t h e  f a c e  a n d  w h e t h e r  t h e y  c o u l d  h o l d  
t h e i r  s h a p e  w h i l e  t h e  r i n g  i s  b u i l t  a n d  b e f o r e  i t  i s  g r o u t e d *
T h e . n u m b e r  o f  j o i n t s  s h o u l d  b e  a  m u l t i p l e  o f  f o u r  i f  t h e r e  i s  t o  b e  a  
k n u c k l e  a t  e a c h  o f  t h e  f o u r  p o i n t s  o f  m a x i m u m  c h a n g e  o f  c u r v a t u r e  d e v e l o p e d  
w h e n  a  r i n g  s q u a t s  n o r m a l l y .  I f  t h e  r i n g  i 3  t o  b e  b u i l t  i n  t h e  t a i l  o f  
a  s h i e l d *  t h e n  t h e  g r e a t e r  t h e  n u m b e r  o f  s e g m e n t s  t h e  m o r e  t h e  l o w e r  h a l f  
o f  t h e  r i n g  w i l l  f o l l o w  t h e  s l i g h t l y  l a r g e r  r a d i u s  o f  t h e  t a i l  p l a t e  ( s e e  
F i g  3 9 ) .  T h e  c r o w n  o f  t h e  a r c h ,  f r o m  o n e  s e g m e n t  a b o v e  a x i s  l e v e l ,  w i l l  
f a l l  a w a y  f r o m  t h e  t a i l  p l a t e  h o w e v e r .  A n  a r r i s  v a i l  t e n d  t o  f o r m  a t
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t h e s e  t w o  p o s i t i o n s  i f  t h e  u s u a l  c l e a r a n c e  (36  m m  o v e r  a  U m  O D  l i n i n g )  
i s  p r o v i d e d  b e t w e e n  t h e  o u t s i d e  o f  t h e  l i n i n g  a n d  t h e  i n s i d e  o f  t h e  t a i l  
p l a t e *  T h i s ' t e n d e n c y  w i l l  b e  g r e a t e r  a s  t h e  n u m b e r  o f  s e g m e n t s  i s  i n c r e a s e d .  
T h e  c l e a r a n c e  i s  m a i n l y  p r o v i d e d  a g a i n s t  t h e  p o s s i b i l i t y  o f  t h e  t a i l  p l a t e  
g e t t i n g  o u t  o f  r o u n d  a n d  f o u l i n g  a  s i x - s e g m e n t  r i n g  t h a t  i s ' e x p e c t e d  t o  b e  
b u i l t  t r u l y  c i r c u l a r l y .  A  m o r e  a r t i c u l a t e  r i n g  s h o u l d  t h e r e f o r e  b e  g i v e n  
l e s s  c l e a r a n c e  t o  i m p r o v e  t h e  s h a p e  o f  i t s  u p p e r  p a r t ;  a n y  d i s t o r t i o n  o f  
t h e  t a i l  p l a c e  w i l l  b e  t r a n s f e r r e d  t o  t h e  l o w e r  p a r t  o f  t h e  r i n g  i n  a n y  c a s e .
A n  e x a m p l e  o f  a  d e s i g n  o f  l i n i n g  e m b o d y i n g  t h e  p r i n c i p l e s  a r i s i n g  o u t  o f  
t h e s e  s t u d i e s ,  a n d  u s i n g  S G  i r o n  i n  a n  e c o n o m i c a l  w a y ,  i s  g i v e n  i n  t h e  
l a s t  C h a p t e r .  T h e  s o l u t i o n  a d o p t e d  f o r  t h e  s h a p e  p r o b l e m  d i s c u s s e d  
i m m e d i a t e l y  a b o v e  i s  t o  r e d u c e  t h e  n u m b e r  o f  j o i n t s .
K n o w l e d g e  r e l a t i n g  t o  h o w  a  t u n n e l  s h o u l d  b e  d r i v e n  i n  L o n d o n  C l a y  w a s  
p r o v i d e d  b y  t h e  m e a s u r e m e n t s  o f  d e f o r m a t i o n  o f  t h e  g r o u n d  n e a r  t h e  a d v a n c i n  
t u n n e l  f a c e .  T h e s e  q u a n t i t a t i v e  d a t a  a g r e e  w i t h  t h e  p r a c t i c e  t h a t  w a s  
s h o w n  t o  b e  d e v e l o p i n g  i n  t h e  l a t t e r  p a r t  o f  C h a p t e r  2  a l t h o u g h  t h e  r e a s o n s  
f o r  t h i s  a r e  n o t  c o n f i n e d  t o  t h e  a p p l i c a t i o n  o f  t h e  p r i n c i p l e s  o f  s o i l  
m e c h a n i c s .  T h e  r e c e n t  a d v a n c e s  i n  t h e  s p e e d  o f  t u n n e l l i n g  h a v e ,  o n e  
s u s p e c t s ,  b e e n  m a d e  f o r  t h e i r  . - O w n  s a k e  a l t h o u g h  e c o n o m i c  a r g u m e n t s  f o r  i t  
a r e  a d v a n c e d .  O n e  i s  t h a t  a n  e x p e n s i v e  m a c h i n e  s h o u l d  n o t  r e m a i n  o n  o n e  
j o b  f o r  l o n g e r  t h a n  n e c e s s a r y ; -  i f  i t  i s  n o t  r e - u s e d  w h e n  t h e  d r i v e  i s  
f i n i s h e d ,  h o w e v e r ,  t h e  a r g u m e n t  f a i l s .  A n o t h e r  i s  t h a t  t h e  s o o n e r  t h e  
t u n n e l  i s  f i n i s h e d  t h e  s o o n e r  i t  w i l l  p a y  f o r  i t s e l f ,  a n d  f o r  t h e  m a c h i n e .
I t  s e e m s  t h a t  t h e  w o r k  s h o u l d  b e  p l a n n e d  t o  a l l o w  e n o u g h  t i m e  s o  t h a t  t h e  
u s e  o f  a  s l o w e r ,  b u t  l e s s  e x p e n s i v e  a n d  m o r e  e a s i l y  a s s e m b l e d ,  m a c h i n e  
c o u l d  b e  c o n s i d e r e d .
2 3 7
CQ
T h e  a s p e c t  o f  t i m e  t h a t  m u s t  c o n c e r n  u s  i s  t h e  t i m e  t a k e n  b e t v / e e n  c u t t i n g  
t h e  h o l e  a n d  i n s e r t i n g  t h e  l i n i n g .  D u r i n g  t h i s  t i m e ,  a s  s h o w n  i n  C h a p t e r  
4 ,  t h e  g r o u n d  c o n v e r g e s  t o w a r d s  t h e  h o l e ,  b o t h  a r o u n d  t h e  s h i e l d  a n d  a h e a d  
o f  t h e  f a c e .  T h i s  a l l o w s  s e t t l e m e n t  a t  t h e  s u r f a c e ;  b u t  b e f o r e  t h i s  
h a p p e n s  t h e  f i s s u r e s  n e a r  t h e  t u n n e l  o p e n  a n d  i f  t h e r e  i s  t r a p p e d  w a t e r  
n e a r b y  o r  w a t e r - b e a r i n g  g r a v e l  o v e r l y i n g  t h e  c l a y ,  t h i s  w a t e r  w i l l  f l o w  
t o w a r d s  t h e  t u n n e l  a n d . l u b r i c a t e  t h e  s u r f a c e s  o f  t h e  o p e n e d  f i s s u r e s .  T h e  
b u l k  s t r e n g t h  o f  t h e  c l a y  i s  t h e n  m u c h  r e d u c e d .  I f  t h e  c l o y  c o v e r  i s  v e r y  
s m a l l  a n d  t h e  w a t e r  p r e s s u r e  g r a d i e n t  l a r g e ,  a  f a i l u r e  m a y  o c c u r  a s  a  f a c e  
’ r u n ' ,  o r  a  ’ b a c k  r u n ’  i f  t h e r e  i s  n o  t a i l  p l a t e .
C o l l a p s e  o f  t h e  r o o f  a n d  s i d e s  o f  t h e  t u n n e l  w i l l  b e  p r e v e n t e d  b y  t h e  s k i n  
p l a t e  o f  t h e  s h i e l d  a n d *  w o r k i n g  w i t h i n  i t ,  t h e  m i n e r s  m a y  b e  a b l e  t o  s e c u r e  
t h e  f a c e .  H o w e v e r *  i f  t h e  s h i e l d  c o n t a i n s  a  t u n n e l l i n g  m a c h i n e  i t  i s  
u n l i k e l y  t h a t  t h e y  w i l l  h a v e  e n o u g h  r o o m  t o  w o r k  q u i c k l y  a n d  e f f e c t i v e l y  
e n o u g h  t o  d o  t h i s .
I n  g o o d  g r o u n d  t h e  s h i e l d  i s  n o t  u s e d  t o  p r e v e n t  a l l  g r o u n d  m o v e m e n t  ( a n d  
c o n s e q u e n t  s u b s i d e n c e )  b e c a u s e  t h e  c u t t i n g  e d g e  m u s t  p r o v i d e  a  h o l e  
s u f f i c i e n t l y  l a r g e  t h a t  e v e n  a f t e r  c o n v e r g e n c e  h a s  o c c u r r e d  i t  i s  s t i l l  
p o s s i b l e  t o  m o v e  t h e  r e a r  e n d  o f  t h e  s h i e l d  l a t e r a l l y  a n d  v e r t i c a l l y  t o  
s t e e r  i t .  T h e  c o n v e r g e n c e  i s  i n e v i t a b l e ,  i t s  a m o u n t  d e p e n d s  o n  t h e  t i m e  
o v e r  w h i c h  i t  i s  a l l o w e d  t o  c o n t i n u e .
T h e  t i m e  t a k e n  f o r  t h e  w h o l e  s h i e l d  t o  p a s s  t l i r o u g h  t h e  h o l e  m a d e  b y  t h e  
c u t t i n g  e d g e  i n  a  p a r t i c u l a r  v e r t i c a l  p l a n e  i n  t h e  c l a y  d e p e n d s  o n  t h e  
l e n g t h  o f  t h e  s h i e l d  a n d  t h e  s p e e d  o f  a d v a n c e .  M e a s u r e s  t o  s h o r t e n  t h e  
s h i e l d  h a v e  b e e n  d e s c r i b e d  a n d  o n c e  t h e y  h a v e  b e e n  t a k e n  t h e i r  a d v a n t a g e
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c a n n o t  b e  l o s t .  S p e e d ,  o f  c o u r s e ,  i s  v e r y  e a s i l y  l o s t  a n d  o c c a s i o n a l l y  
. t h e ; - . s h i e l d  m u s t  b e  s t o p p e d .  A  p r o l o n g e d  d e l a y  w i l l  r e s u l t  i n  c o n v e r g e n c e  
e q u a l  t o  t h e  w h o l e  c u t t i n g  c l e a r a n c e  p r o v i d e d .  T h e  s o l u t i o n  a t  p r e s e n t  
■ a d o p t e d ■w i t h  f a s t  m a c h i n e s  i s  t o  u s e  a  c u t t i n g  e d g e  b e a d  t o  p r o v i d e  a  
c l e a r a n c e  w h i c h  i s  s m a l l  b u t  a d e q u a t e  a t  t h e  s p e e d  n o r m a l l y  m a i n t a i n e d ,  a n d  
a l s o  t o  p r o v i d e  v e r y  p o w e r f u l  s h o v e  r a m s  s o  t h a t  a f t e r  t h e  m a c h i n e  h a s  b e e n  
s t o p p e d  i t  m a y  b e  a d v a n c e d  ( a l b e i t  w i t h  l i t t l e  d i r e c t i o n a l  c o n t r o l  )  u n t i l  
t h e  b e a d  a g a i n  c u t s  a n  o v e r s i z e d  h o l e .  T h i s  i s  s a t i s f a c t o r y  f o r  w a t e r  o r  
s e w e r  t u n n e l s  w h i c h  a r e  d r i v e n  i n  s t r a i g h t  l i n e s  w i t h  a r b i t r a r y ' c h a n g e s . i n  
d i r e c t i o n ,  b u t  n o t  f o r  - r a i l w a y  t u n n e l s  w h i c h  m u s t  f o l l o w  p r c - d e t e r m i n e d  
c u r v e s  t o  v e r y  c l o s e  t o l e r a n c e s .  A  s h i e l d  s l c i n  o f  v a r i a b l e  c i r c u m f e r e n c e  
s e e m s  t o  b e  i n d i c a t e d .  A  r e c e n t  p a r t i a l  s o l u t i o n  w h i c h  a t  l e a s t  a l l o w s
a  f i x e d  s i z e  o f  e x p a n d e d  l i n i n g  t o  b e  p l a c e d  w h e n  t h e  g r o u n d  h a s  c o n v e r g e d
i s  a  s e c o n d  c u t t i n g  e d g e  a t  t h e  r e a r  o f  t h e  s h i e l d .
I n  t h e  o b s e r v a t i o n s  m a d e  a t  B r i x t o n  t h e  c l a y  w a s  s e e n  t o  b e  j u s t  c o m i n g
o n t o  t h e  t a i l  o f  t h e  s h i e l d  ( F i g  5 2 )  f r o m  w h i c h  o n e  m a y  c o n c l u d e  t h a t  t h e  
c o r r e c t  s i z e  o f  b e a d  h a d  b e e n  c h o s e n  f o r  t h i s  s p e e d  . o f - d r i v e  i n  t h i s  c l a y .
I t  i s  a l s o  c o n c l u d e d  t h a t  m o v e m e n t s  o f  t h e  g r o u n d  t o w a r d s  t h o  f a c e  a n d  
t o w a r d s  t h e  s h i e l d  a n d  t h e i r  r e l a t i o n  t o  s u r f a c e  s u b s i d e n c e  c o n s t i t u t e  t h e  
a r e a  o f  s t u d y  i n  t h e  b e h a v i o u r  o f  t h e  L o n d o n  C l a y  t h a t  i s  m o s t  l i k e l y  t o  
p r o v i d e  i n f o r m a t i o n  a n d  t h e o r i e s  w h i c h  c o n  b e  a p p l i e d  t o  a d v a n c i n g  t h e  a r t  
o f  t u n n e l l i n g  i n  t h i s  f o r m a t i o n .  T h e  m e a s u r e m e n t s  a t  . B r i x t o n  w e r e  o n l y  
m a d e  i n  t h e  h o r i z o n t a l  p l a n e  b u t  t h e y  s h o w :
W i t h - v e r y - p o w e r f u l  r a m s ,  e s p e c i a l l y  i f  t h e y  a r e  a n g l e d  o u t w a r d s  f r o m  t h e  
a x i s  o f  t h e  t u n n e l ,  i t  i s  p o s s i b l e  t o  i n d u c e  s m a l l  ‘ b e a r i n g  c a p a c i t y  
f a i l u r e s ’  i n  t h e  c l a y  w i t h  t h e  t a i l  o f  t h e  s h i e l d ,  a n d  s o  t o  s t e e r  i t .
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( i )  t h a t  m u c h  m o r e  g r o u n d  w a s  l o o t  b y  r a d i a l  c o n v c r g o n c e  t o w a r d s  t h o
s h i e l d  s k i n  b e h i n d  t h e  c u t t i n g  e d g e  t h a n  w a s  l o s t  b y  m o v e m e n t s  
t o w a r d s  t h e  f a c e ;
( i i )  t h a t  t h e r e  w a s - c o n s i d e r a b l e  b u l k i n g  o f  t h e  c l a y  n e a r  t h e  e x c a v a t i o n .
M e a s u r e m e n t s  i n  t h e ' v e r t i c a l  d i r e c t i o n  a r e  r e q u i r e d  t o  g i v e  a  c o m p l e t e  
p i c t u r e *  T h e y  a r e  l i k e l y  t o  d i f f e r . . . f r o m  t h e  - h o r i z o n t a l  o n e s  b e c a u s e :
( i )  t h e  i n i t i a l  s t r e s s e s  i n  t h e  g r o u n d  i n  t h e  h o r i z o n t a l  a n d  v e r t i c a l
d i r e c t i o n s  d i f f e r  i n  t h i s  h e a v i l y  o v e r c o n s o l i d a t e d  c l a y ;
( i i )  s e l f - w e i g h t  ' s t r e s s e s  a r e  a d d e d  t o  t h e  v e r t i c a l  s t r e s s e s ;
( i i i )  t h e  s t r e s s - s t r a i n  p r o p e r t i e s  ( a n d  m a n y  o t h e r  p r o p e r t i e s )  o f  t h e  c l a y
i n  t h e  h a n d  s p e c i m e n  d i f f e r  i n  t h e  h o r i z o n t a l  a n d  v e r t i c a l  d i r e c t i o n s ;  
. ( i v )  t h e  b u l k  p r o p e r t i e s  o f  t h e  c l a y  s i m i l a r l y  d i f f e r  i n  t h e  t w o
d i r e c t i o n s .  I n  t h e  h o r i z o n t a l  d i r e c t i o n  t h e y  a r e  c o n t r o l l e d  b y  
t h e  f i s s u r e s  a n d  b y  t h e  j o i n t i n g .  ( T h e  j o i n t  p a t t e r n  a t  B r i x t o n  
. w a s  i n s u f f i c i e n t l y  d e v e l o p e d  t o  b e  d i s c e r n a b l e . )  I n  - t h e  v e r t i c a l ;  
d i r e c t i o n  t h e  b u l k  p r o p e r t i e s  w i l l  b e  d o m i n a t e d  b y  t h e  b e d d i n g  p l a n e s ,  
a n d  s i l t  l e n s e s  ( a t  B r i x t o n  t h e r e  w a s  a l s o  a  c l a y s t o n e  l a y e r )  w h i c h - ,  
c a n  b e  e x p e c t e d  t o  p r o v i d e  ' n o  t e n s i o n *  p i a n o s .
A c c u r a t e  m e a s u r e m e n t s  o f  s u r f a c e  s u b s i d e n c e  m a d e  o n  l a n d  w h i c h  i s  n o t  
l i a b l e  t o  m o i s t u r e  m o v e m e n t s  d u e  t o  v e g e t a t i o n  o r  d r a i n a g e ,  a n d  w h i c h  i s  
f r e e  o f  t r a f f i c  a n d  v a n d a l s ,  a r e  a l s o  r e q u i r e d .  A n  a i r f i e l d  w o u l d  b e  a n  
i d e a l  s i t e o  S u b s i d e n c e  p r o f i l e s  d r a w n  f r o m  t h e s e  m e a s u r e m e n t s  w o u l d  
i d e a l l y  b e  r e l a t e d  t o  t h e  m e a s u r e m e n t s  n e a r  t h e  f a c e .  N e v e r t h e l e s s ,  t h e y  
w o u l d  b e  o f  c o n s i d e r a b l e  v a l u e  i f  t h o  o n l y  o t h e r  i n f o r m a t i o n  o b t a i n a b l e  
w a s  t h e  m e t h o d  o f  t u n n e l l i n g  u s e d  a n d  a  d e s c r i p t i o n  o f  t h e  g r o u n d .  T h e
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c u r v a t u r e  a n d  g r a d i e n t s  o f  ‘ t h e  p r o f i l e  c o u l d  b e  c o m p a r e d  w i t h  t h e  g r o w i n g  
c o l l e c t i o n  o f  s e t t l e m e n t  o b s e r v a t i o n s  o n  b u i l d i n g s ,  b o t h  t h o s e  w h i c h  h a d  
s h o w n  d i s t r e s s  a n d  t h o s e  t h a t  h a d  n o t *
T h e  o b s e r v a t i o n s  o f  s o i l  m o v e m e n t  a s  w e l l  a s  h e l p i n g  u s  d e c i d e  i f  p r e s e n t  
m e t h o d s  o f  t u n n e l l i n g  a r e  a c c e p t a b l e  w i l l  a l s o '  b e  u s e f u l  i n  s t u d y i n g  t h e  
s o i l - l i n i n g  i n t e r a c t i o n .  B e f o r e  t h i s  i n t e r e s t i n g  s u b j e c t  i s  p u r s u e d  
f u r t h e r ,  h o w e v e r ,  t h e  p r e s e n t  w o r k  s h o u l d  b e  c o m p l e t e d  b y  a  t r i a l  o f  t h e  
e x b r a  f l e x i b l e  l i n i n g  a d v o c a t e d  a b o v e  a n d  d e t a i l e d  i n  t h o  n e x t  C h a p t e r . ’ 
T h i s  t r i a l  s h o u l d  i n c l u d e  a  r i n g  w h i c h  i s  i n s t r u m e n t e d .  T h e  s u c c e s s  o f  
t h e  i n s t r u m e n t a t i o n  a t  B r i x t o n  i n d i c a t e s  t h a t  s i m i l a r  m e t h o d s  w o u l d  b e  
s a t i s f a c t o r y .  I n  a d d i t i o n  t o  m e a s u r i n g  c i r c u m f e r e n t i a l  b e n d i n g  o f  t h e  
p a r t s  c o r r e s p o n d i n g  t o  t h e  f l a n g e s  i t  w o u l d  b e  u s e f u l  t o  m e a s u r e  b e n d i n g  
i n  t h e  d i r e c t i o n  a t  r i g h t  a n g l e s .  T h i s . w o u l d  b e  d o n e  b y  u s i n g  g a u g e  p o s t s  
C a r r y i n g  t w o  v i b r a t i n g  w i r e s .  A n o t h e r  d e s i r a b l e  m e a s u r e m e n t ,  w o u l d  b e  t h e  
a n g u l a r  d e f l e c t i o n  b e t w e e n  a d j a c e n t  s e g m e n t s ,  m e a s u r e d  a t  t h e  c r o s s  j o i n t s .
S h o u l d  t h e s e  a n g l e s  n o t  b e  s m a l l ,  t h e  a u t h o r  w o u l d ' . r e g a r d  h i s  s e g m e n t s  a s  
b e i n g  t o o  s t i f f .  I f  h e  i s  t o l d  t h a t  m o s t  d e s i g n e r s  m a k e  . t h e i r  s e g m e n t s  
f a r  m o r e  s t i f f ,  a n d  s h o u l d  i t  b e  s u g g e s t e d  t h a t  t h e  p r o p o s e d  s e g m e n t s  a r e  
u n d e s i r a b l y  f l e x i b l e ,  h e  w o u l d  a s k  t o  m e a s u r e  t h e  d i s t r i b u t i o n  o f  e a r t h  
p r e s s u r e  o n  t h e  b a c k  o f  a  s t i f f  s e g m e n t  i d t h  a  v i e w  t o  d e m o n s t r a t e  t h a t  i t  
a t t r a c t s  i n c r e a s e d  p r e s s u r e  t o  i t s  e n d s ,  a n d  h e n c e  i s  b o u n d  t o  d e v e l o p  
b e n d i n g  m o m e n t s  i f  i t  i s  a t  a l l  l o n g .
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CHAPTER SIX :
APPLICATION
Measurements of the  s tru c tu ra l behaviour of the lin in g s  used a t  B ritton  
(Chapter 3 ) , observation of the  d i f f ic u l t ie s  encountered by the miners 
th e re , and a study o f tunnel lin in g s  (Chapter 2) in d ica te  th a t  a new so rt 
of tunnel lin in g  i s  needed*
Although in  recen t years a number of v a ria tio n s  have appeared, bo lting  
together flanged iron  segments to  form rin g s  uhich are grouted in  to  the 
ground, and expanding rin g s  of concrete lin in g  d ire c tly  against the  hole in  
the c lay , remain the two basic methods used fo r lin in g  tunnels in  London 
Clay* The m erits and de-m erits of the two methods may be summarised as 
follow s:
Cost
BOLTED IRON
Expensive (about h a lf  
cost of tunnel)
EXPANDED CONCRETE
Cheaper (about c° s t  
of tunnel)
Weight Heavy (3»5 tonnes per m. Also heavy 
of 4- m tunnel)
Damage in  handling Flanges crack Corners and edges spai
E ffec t of overbreak Merely use more grout Makes build ing  very 
d i f f ic u l t
Caulking F a irly  easy (easy, but D if f ic u lt  
more expensive i f  
specia lly  machined seg­
ments used)
Speed Slow Rapid
However, the most serious drawback of the  expansion method i s  the  d i f f ic u l ty  
of changing to  the bolted lin in g  i f  unsu itab le  ground i s  encountered*
Knowledge of running ground such as gravel w ill  probably be ava ilab le  from 
borehole inform ation, but a propensity  to  overbreak or lo c a l softening may 
well be met without warning. As we have seen, with the  London Clay delay 
i s  dangerous. I t  may well be possib le  to  carry  on without a t a i l  p la te  
on the sh ie ld , but i t  i s  u n like ly  th a t  iron  segments w ill be availab le  a t 
the face . I f  the drive i s  stopped the chances are th a t  troub les  w ill 
increase and, i f  no lin in g  can be placed, the ground behind the  sh ie ld  may 
f a i l .  I t  i s  more d i f f ic u l t  to  secure the ground here than i t  i s  to  make 
the face secure•
Hence a lin in g  has been designed which, while i t  may not be su itab le  fo r 
the very worst type of ground, can in  London Clay replace e ith e r  bolted 
iro n  or expanded concrete and obviates the disadvantages of both .
6.1 DESCRIPTION OF THE NEW LINING
A segment of the new lin in g  consists  in  p a rt of a spheroidal-graphite  c a s t 
iro n  frame. The frame has curved sides about 50 mm (2 in s) deep which 
taper towards the exfcrados. These curved sides, which correspond to  the 
c ircum ferential flanges of an ordinary iro n  segment, are joined by two ends 
and two r ib s .  These ends and r ib s  do not themselves tap e r b u t, because of 
th e ir  ra d ia l d isp o sitio n , are angled towards each o ther.
The th ree  compartments of the frame contain concrete s lab s . These are each 
curved to  form p a rt of a cylinder about 600 mm (24 in s)  long and subtend an 
angle of about 15° a t the cen tre . The 50 mm x 600 mm (2 in s  x 24 in s) 
faces are ra d ia l plane surfaces and hence slope towards each o ther a t 15° 
too . These surfaces, and sections of the slab which are a lso  r a d ia l  to  the 
tunnel ax is , are trap eso id a l, the short sides being inc lined  towards each 
other a t  15° (see Fig 53)*
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* ■ F ig .53 Exploded view of proposed tunnel lin in g ,
! showing expanding key segment and a lso  sm all
solid  one for u se  when lining is  grouted
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Hence a uniform pressure acting  on the  exfcrados of a slab  produces 
compressive forces in  the circum ferential d irec tio n  and a lso  a t r ig h t  
angles in  the  long itud inal d ire c tio n . Both se ts  of fo rces are balanced by 
te n s ile  fo rces in  the frame.
S tiffn ess  in  bending i s  provided mainly by the frame,, but th i s  i s  not 
considered an important function of the  frame, except in so fa r as i t  enables 
the tunnel to  be b u i l t  with longer segments. Longer segments can be b u il t  
to  a b e tte r  shape (pp 107-8, 156-7 and 236-7) and can be b u i l t  f a s te r  (see 
lower h a lf  of p 100) than short ones. Should large  curvatures develop 
in  the SO iron  frame i t  w ill deform p la s t ic a l ly  without detrim ent.
The s tra ig h t ends of the frame are made in  the form o f knuckle jo in ts ,  hence 
a small change in  angle formed a t a cross jo in t  by two segments does not 
a ffe c t the  s tre s s  d is tr ib u tio n  near the jo in t .
The ring  may be b u il t  in  th ree  ways:
1 . As a true  c irc le  in  a hole 4-.114 m diameter and expanded against
th is  hole by means of the fo ld ing  wedges which co n s titu te  key 2 
(Fig 53).
2 . As a polygon of somewhat sm aller size using key 1 . In  t h i s  case 
the ring  i s  b u i l t  inside the t a i l  p la te  of a sh ield  and la t e r  
grouted in to  the ground. In th is  method of bu ild ing , each segment, 
(s ta r tin g  with an in v e rt segment) i s  attached in  tu rn  to  the  
corresponding segment of the previously grouted r in g . Attachment 
i s  a t two po in ts on the circum feren tial jo in t  by s lo tte d  p ins and 
wedges. One se t only i s  shown in  Fig 53 in  which the l e f t  hand
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side i s  in  the d irec tio n  of d riv e . The pin f i t s  loose ly  in to  
recesses in  the leading and t r a i l in g  faces of successive segments. 
.Wedges pass through s lo ts  in  the segments and also through s lo ts  
in  the p in s. When a wedge i s  driven the pin i s  moved with respect 
to  the segment. Driving the wedge which i s  near the  leading edge 
of the previously b u i l t  segment tig h ten s the c ircum feren tial jo in t .  
Driving the other wedge, which i s  arranged a t  r ig h t  angles, ad justs  
the  newly b u i l t  segment in  r o l l .
The nerfc segment in  the ring  i s  erected in  a sim ilar way. The 
foremost corners of the two segments being connected by a dog (one 
of which i s  shown in  Fig 53)• With th i s ,  and the c ircum feren tia lly  
acting wedges, the long itud inal or cross jo in t  can be closed .
F in a lly , the narrow key 1 i s  in se rted  between the two top segments 
which are clamped to  e ith e r  side of i t  by a specia l dog which 
reaches across the key, v ia  a s lo t in  i t s  end. Thus the  key i s  
re ta ined  p o s itiv e ly  as well as by the f r ic t io n  a t  i t s  tigh tend  
cross jo in ts .
3 . As in  method 2 but using frames without concrete c as t in to  them.
Instead sheets of s te e l can be tem porarily  attached to  the in tra d o s . 
In th is  form they can be used in  a hard rock tunnel as r ib s  with 
or without lagging. The s te e l sheets can then be a ttached as 
shu ttering  and the concrete placed in - s i tu .
6.2 ■■ ADVANTAGE IN USE
The following advantages are claimed fo r the lin ings
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1 • The new lin in g  saves m ateria l• The weights of th i s  l in in g ,
tra d itio n a l  cast iro n , expanded concrete and the Groves reinforced  
concrete lin in g  are respec tive ly  1500, 3200, 7400 and 10,000 kg 
per metre run of 4 m tunnel (1015* 2150, 5000 and 6750 l b s / f t  ru n ). 
Nine per cent of i t s  volume i s  iron ; in  Groves’ rein fo rced  
concrete about 2 per cent of the volume was steel*  Bearing in  
mind the g rea ter mass of the Groves lin in g , the SG iro n  frame i s  
a more economical use of ferrous metal fo r taking the te n s ile  
s tre sse s  in  a composite component.
Id en tica l segments are used a l l  round the  ring  (except fo r the 
small key segment) so th a t lo ss  or damage of a segment in  t r a n s i t  
to  the face does not upset the cycle of work th e re .
\
The same segments are used fo r lin in g  by the expansion method and 
by the grouted method. Hence should an expanded type of tunnel 
encounter bad ground, the method of building can be rap id ly  changed.
4» Because the concrete i s  compressed in  th ree  d ire c tio n s , a th in
section  may be used without the  overburden pressure causing f a i lu r e .
5. Circum ferential bending of the segments does not give r i s e  to
tensions in  the concrete since th is  i s  p restressed  in  compression. 
The th in  section causes the bending s tre s s  to  be lower fo r  a given 
curvature s tra in .
6. Bending s tre sse s  in  the concrete in  th e  long itud inal d ire c tio n  are
low because the centre of th e  segment does not bend as a diaphragm
2 .
3 .
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but i s  free  to  move inwards.as a whole.
7. Because the section of the segment i s . f a i r l y  symmetrical about the 
neu tra l axis fo r c ircum ferential bending, and the  flanges are not 
deep, bending s tra in s  in  the SG iro n  frame are minimised. Also 
d ifferences in  s tra in  in  th e  concrete and iro n  are minimised, so 
th a t  large  contact s tre sse s  do not develop a t the  long itud inal 
edges of the concrete slabs.
8. The SG cas t- iro n  frame i s  not vulnerable to  impact s tre sse s  and 
p ro tec ts  the concrete when the segment i s  roughly handled. Spalling 
which occurs i f  ordinary concrete segments are mishandled, i s  
avoided.
9 . The lin in g  i s  l ig h te r  than e ith e r  the conventional bolted  iron  
lin in g  or the  newer expanded concrete l in in g s .
10. The th in  lin in g  gives a la rg e r  inside  diameter of tunnel fo r  a given 
volume of ground excavated.
11. Jo in ts  between the  SG c as t-iro n  frames may be caulked by the 
tra d itio n a l  method used fo r iro n  segments.
12. Tunnel furnishings (cable brackets, l ig h tin g  e tc ) may re a d ily  be 
attached to  tapped holes in  the cas t iron  cross r ib s .
13* Speed of erection : lig h tn ess  and a b i l i ty  to  w ithstand acciden ta l
impact allow the ring  to  be b u il t  rap id ly  by hand. I f  the rin g  i s
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to  be grouted, attachment by means of the p ins and wedges provided 
i s  quicker than by using nu ts , b o lts  and washers.
14. A smooth in te r io r  surface i s  produced even i f  the  segments have to
be attached to  one another fo r grouting; the wedges may la te r  be 
removed or cut o f f .
15. For a short length  of smooth bore, in - s i tu  concrete tunnel in  hard
rock, the expense of specia l shu ttering  may be avoided by using the
u n f ille d  frames as r ib s  and to  support simple recoverable shu tting .
6.3 MAOTAGTUBE.
A f u l l  se t of working drawings has been prepared from which a 4 m ID 
lin in g  could be manufactured. Such manufacture would be the sub ject of a 
licence agreement based on a patent which i s  pending (Thomas, 1971).
The SG iro n  frame i s  a ra th e r  more complicated casting  than the tra d i tio n a l  
iron  tunnel segment. Nevertheless, SG iro n  lends i t s e l f  to  the casting  of 
th in  complicated shapes. The frame has a th ick  coating of the  bituminous 
compound normally used to  p ro tec t cas t iro n  segments. This not only pro­
vides p ro tec tion  against corrosion but a c ts  as a water seal between the 
concrete in f i l l in g  and the iro n . In the  long-term i t  a c ts  as a lu b ric an t 
between them, f a c i l i ta t in g  the ra d ia l inward movement of the  concrete p a r ts .
For in f i l l in g  with concrete the frames are laid"on  ta b le s  having a 
cy lin d rica l surface matching the in te rn a l rad iu s of the  segments. This 
should be a compliant surface so th a t  the self-w eight of the  frame w ill  
provide a seal between the frame and the ta b le .  A s t i f f  mix i s  poured in to
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the frame and the top or outside surface fin ished  with a trowel* Unless 
the water content of the mix can be kept very low i t  would be advisable to  
cast only the  le a s t  t i l t e d  th ird  of a frame a t  one time* The mix may be 
dewatered to  some extent a f te r  pouring by applying a suction v ia  a porous 
surface in  the  tab le  top*
At the concrete casting  stage, th is  way of making segments has a number of 
advantages over conventional p re -cas t concrete manufacture:
1 • Expensive moulds are not required because the  frame a c ts  as p a rt
of the mould*
2* No o iling  or other pre-treatm ent of th is  i s  required  since
bitumen dipping i s  a normal foundry process*
3* Demoulding time i s  eliminated*
4* ‘ • The SG c as t-iro n  frame i s  l ig h t  and r e s is ta n t  to  impact so th a t  i f  
necessary i t  may be e a s ily  transported  and the concrete in f i l l in g  
made elsev/here, perhaps a t the  tunnel site*
6*4 COST
6*4*1 Labour
I t  follows from 13 of 6.2 th a t  the use of expensive labour a t  the  face i s  
minimised. Ti*om 6.3 the cost o f . demoulding i s  saved. These savings are 
o f f -s e t  by the ra th e r elaborate  coring ca lled  fo r in  manufacturing the SG 
iron  castin g s. Nevertheless, fac to ry  labour i s  cheaper than underground 
labour and the  fac to ry  process i s  amenable to  automation.
6 .4 .2  M aterials
From 1 of 6.2 i t  i s  evident th a t le s s  concrete i s  used. Concrete has a high 
energy content so th a t i t s  p rice  w ill r i s e .  At present SG iro n  castings
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are more expensive than those of ordinary flake graphite iron ; bat as 
iro n  becomes more scarce th is  d ifference w ill dim inish. I t  i s  perhaps 
more appropriate to  compare the cost of iron  in  th is  lin in g  with the  cost 
of s te e l ,  since i t s  function  i s  one fo r which s te e l i s  often  chosen.
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